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In a class of new physics models, an extended Higgs sector and new CP-violating sources are simultane-
ously present in order to explain the baryon asymmetry in the Universe. The aim of this work is to study the
implications of beyond the Standard Model (SM) CP violation for the searches of heavy scalars at the LHC.
In particular, we focus on the diphoton channel searches in the CP-violating two-Higgs-doublet model (CPV
2HDM). To have a sizable CPV in the scalar sector, the two heavy neutral scalars in 2HDM tend to be nearly
degenerate. The theoretical constraints of unitarity, perturbativity and vacuum stability are considered, which
requires that the heavy scalars MH . 1 TeV in a large region of the parameter space. The experimental limits
are also taken into account, including the direct searches of heavy neutral scalars in the final state of the SM h,
W and Z bosons, the differential tt¯ data, those from the charged scalar sector which is implied by the oblique
T parameter, as well as the precise measurements of the electric dipole moments of electron and mercury. The
quantum interference effects between the resonances and the SM background are crucially important for the
diphoton signals, and the CPV mixing of the quasi-degenerate heavy scalars could enhance significantly the
resonance peak. With an integrated luminosity of 3000 fb−1 at the LHC, almost the whole parameter space
of CPV 2HDM could be probed in the diphoton channel, and the CPV could also be directly detected via the
diphoton spectrum.
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I. INTRODUCTION
The discovery of the 125 GeV Standard Model (SM)
Higgs boson opens a new era in particle physics. But the
hierarchy problem, neutrino masses, dark matter and the
origin of matter-antimatter asymmetry still need to be ad-
dressed in new physics models, such as supersymmetry [1–
3], composite Higgs models [4], and two-Higgs-doublet mod-
els (2HDM) [5], as well as variants of these models, etc. To
explain the baryon asymmetry of the universe (BAU), three
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2Sakharov conditions needs to be accomplished in the new
physics models beyond the SM [6]. One of the most attrac-
tive mechanisms to explain BAU is the electroweak baryoge-
nesis (EWBG), we refer to Ref. [7] for a recent review. To
realize the mechanism, the SM Higgs sector need to be ex-
tended in order to obtain a strong first order electroweak (EW)
phase transition, which might induce deviation of triple scalar
coupling from the SM prediction to be detected at high en-
ergy hadron colliders [8]. The CP violation (CPV) beyond
the SM is one of the three ingredients of Sakharov conditions.
The 2HDM with complex parameters in the scalar potential
offers a most economical possibility to introduce new CPV
sources in the extended Higgs sector [9], and provides one
economical renormalizable framework to address the BAU us-
ing EWBG [10–14].
To probe the CPV effects with extended Higgs sector, the
previous literatures focus on two distinct categories of meth-
ods. (i) One may rely on direct measurement of the CPV cou-
plings of the 125 GeV SM-like Higgs boson at colliders. A
lot of efforts have been made to study the physics opportuni-
ties in measuring the parity of the SM-like Higgs boson at the
LHC [15–24] and the future colliders [25–29]. (ii) One can
look for the indirect CPV effects in particular processes, e.g.
the precise measurements of electric dipole moments (EDMs).
There have been incredible progresses in improving the upper
bounds on the EDMs of electrons [30] and mercury [31]. CPV
beyond the SM is severely constrained by the increasing pre-
cision of the EDM measurements, see e.g. [32], except for the
case where the SM-like Higgs boson has a sizable CPV mix-
ing of O(0.1) and a sizable cancellation exists in evaluating
the Barr-Zee diagrams for electron EDM [13, 14]. The recent
electron and mercury EDM measurements could provide con-
siderable constraints on the parameter space of CPV 2HDM,
as will be explored in this paper, which is largely comple-
mentary to the direct searches of CPV in the scalar sector of
2HDM at the LHC in the diphoton decay mode.
At hadron colliders, the dominant production and decay
mode of the CP even/odd heavy scalar is the gg → H/A→ tt¯
process, that makes the tt¯ final states to be an important chan-
nel to probe heavy scalars, which, however, suffers from large
systematic uncertainties and smearing effects [33]. As a result
of the clean and well understood background, the diphoton de-
cay mode is very likely one of the main channels to search for
beyond SM heavy scalars or even probe directly new source
of CPV in the framework of 2HDM, as for the SM Higgs,
though the branching ratio (BR) to diphoton is usually very
small [34].
In general, for resonant particles at high energy colliders,
e.g. the heavy neutral scalar in 2HDM, the interference of
resonances with the continuum SM background may have
non-negligible impacts on the shape and size of resonant sig-
nals [35–41], which could help us to probe the spin and pro-
duction mode of the resonance particles. In the framework of
2HDM, due to the relative phase between the resonance and
continuum background, various resonance shape can be ob-
tained in the channels of gg → Hi → tt¯, γγ (Hi being the
heavy scalars in 2HDM) [35–37, 41–44]. The relative phase
can be generated by either the (fermion) loop diagrams or CP-
violating interactions.
In the diphoton decay mode of heavy scalars in CPV 2HDM
gg → Hi → γγ, a large interference effect can be expected,
since the continuum background gg → γγ is one-loop pro-
cess while the resonance is via two-loop.1 In particular, for
heavy scalar masses above the mass threshold of 2mt, the top
loop in the production process of gg → Hi and the decay
process Hi → γγ can induce imaginary parts in the ampli-
tude gg → Hi → γγ and then change the magnitude of the
cross section,2 with the real parts serve to shift the resonance
shape [44]. When the two heavy scalars are nearly degenerate
with CP-violating mixing [41, 45, 46], there will be additional
interference effects in the heavy scalar sector, which tends
to amplify the nearly-degenerate scalar resonance (as shown
in Fig. 12). The amplification could in principle be directly
probed at the high energy colliders, which is largely comple-
mentary to the indirect constraints from the measurements of
EDMs. One should note that, the CPV in the scalar sector
of 2HDM depend non-trivially on the heavy scalar masses,
which is significant only when two heavy scalars are quasi-
degenerate [45]. That is the reason why we focus in this paper
only on the 2HDM scenarios with a small mass splitting for
the two heavy scalars.
The layout of this paper is described as follows. In Sec-
tion II, we review the setup of CPV 2HDM, with emphasis
on the neutral scalars and their CPV mixings. For our dis-
cussions, we set up the formalism for processes involving two
quasi-degenerate heavy scalars. Their propagators are writ-
ten in the form a 2× 2 matrix, with the off-diagonal elements
might be non-negligible for certain parameter sets. All the the-
oretical and experimental constraints on the CPV 2HDM are
collected in Section III, including the requirements of unitar-
ity, perturbativity and vacuum stability of the scalar potential,
the direct searches of heavy scalars decaying into WW/ZZ,
hZ and hZ, and the consistency of differential tt¯ data with
the SM predictions. The neutral-charged scalar mass splitting
|MH −M±| is tightly constrained by the oblique T parame-
ter which could “transfer” the charged scalar limits onto the
neutral scalars. All these limits are exemplified in Figs. 5
to 9 with the small mass splitting of heavy neutral scalars
set to be 1 GeV or 10 GeV. The electron and mercury EDM
limits are also considered, which exclude large region in the
parameter space of 2HDM, as expected. The diphoton sig-
nal in the CPV 2HDM is discussed in Section IV, where we
show the full parton-level (differential) cross sections includ-
ing both the resonance and interference contributions. By
scanning the parameter space, it turns out that the diphoton
signals could probe almost all the regions we considered at
the high-luminosity LHC (HL-LHC) 14 TeV run with an in-
tegrated luminosity of 3000 fb−1, at least at the 95%, that are
1 Generally, one can expect relatively small interference in ZZ channel since
both the gg → ZZ continuum background and the resonance signal pro-
cesses gg → Hi → ZZ are both dominated by one-loop diagrams [39].
2 It should be noted that for a relatively large tanβ, the bottom quark loop
can also induce sizable imaginary parts [39, 44]. However, this possibility
is not favored by the CPV 2HDM scenario explored in this paper.
3allowed by the limit above. The relation between the diphoton
line shapes and CPV mixing in the scalar sector is also dis-
cussed. It turns out that the CPV can be directly probed in the
diphoton events, if the scalar masses are . 600 GeV, when
tanβ = 0.5. The conclusions are given in Section V. The
formulas for differential Hi → tt¯ cross sections in the CPV
2HDM, the oblique parameters and the details of evaluating
the EDMs are respectively summarized in the appendices.
II. QUASI-DEGENERATE HEAVY NEUTRAL SCALARS
IN CPV 2HDM
A. The CPV 2HDM
There are two scalar doublets Φ1,2 in the general 2HDM.
For simplicity, we introduce a discrete Z2 symmetry to avoid
tree-level flavor-changing neutral currents, under which two
scalar doublets transform as (Φ1 ,Φ2) → (−Φ1 ,Φ2). When
the Z2 symmetry soft-breaking term is introduced, one can
obtain CPV in the Higgs sectors [32, 47]. The general scalar
potential can be written as
V (Φ1 ,Φ2) = m
2
11|Φ1|2 +m222|Φ2|2 − (m212Φ†1Φ2 + H.c.)
+
1
2
λ1|Φ1|4 + 1
2
λ2|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2
+
1
2
[
λ5(Φ
†
1Φ2)
2 + H.c.
]
, (1)
where λ5 and the Z2 soft-breaking term m212 are complex and
all other mass and quartic parameters are real. The imaginary
components of m212 and λ5 are the source of CP violation,
which leads to mixings of all the three neutral states, as shown
bellow. For the ease of discussions below, we define the soft
mass parameter as the real part of m212, i.e.
m2soft ≡ Rem212 , (2)
which is assumed to be positive. After the EW symmetry
breaking, the two scalar doublets obtain non-vanishing vac-
uum expectation values (VEVs)
Φ1 =
( −sβ H+
1√
2
(v1 +H
0
1 − isβA0)
)
,
Φ2 =
(
cβ H
+
1√
2
(v2 +H
0
2 + icβA
0) ,
)
, (3)
where we have neglected the relative phase between the two
VEVs, v2 = v21 + v
2
2 = (
√
2GF )
−1 with GF the Fermi con-
stant, sβ ≡ sinβ and cβ ≡ cosβ with the angle defined as the
VEV ratio tβ ≡ tanβ = v2/v1.
It is straightforward to obtain the mass square matrix for the
three neutral scalars:
M20 =
 λ1c2β + νs2β (λ345 − ν)sβcβ − 12 Imλ5 sβ(λ345 − ν)sβcβ λ2s2β + νc2β − 12 Imλ5 cβ
− 12 Imλ5 sβ − 12 Imλ5 cβ −Reλ5 + ν
 v2 ,
(4)
with the short-handed notation of
λ345 ≡ λ3 + λ4 + Reλ5 ,
ν ≡ m
2
soft
v2sβcβ
. (5)
In the limits of CP conservation Imm212 = 0 and Imλ5 = 0,
the first two scalars H01,2 are CP-even while the third one A
0
is CP-odd. The nonzero imaginary components ofm212 and λ5
lead to mixings of all the three neutral states via the rotation
matrixR:
M20 = RT diag(M21 ,M22 ,M23 )R , (6)
where Mi the mass eigenvalues for the three physical scalars
Hi. For concreteness we assume the first scalar is SM-like
(H1 = h) with a mass of M1 = mh = 125 GeV, while the
other two scalars H2,3 are heavier with (nearly-degenerate)
masses M2,3. The 3 × 3 mixing matrix can be parameterized
explicitly as [48]
R = R23(αc)R13(αb)R12(α+ pi
2
)
=
 −sαcαb cαcαb sαbsαsαbsαc − cαcαc −sαcαc − cαsαbsαc cαbsαc
sαsαbcαc + cαsαc sαsαc − cαsαbcαc cαbcαc
 ,
(7)
where the angle α parameterizes the mixing between the two
CP-even states, and the other two αb,c determining the CP
violating mixing of the scalars.
The physical neutral scalar masses M1,2,3 and the charged
scalar mass M± in the scalar spectrum are directly related to
the mass parameters and quartic couplings in the potential (1).
In practice, one often trade the quartic scalar self-couplings
into the physical inputs, i.e. the EW VEV v, the scalar masses
and the mixing angles:
λ1 = −ν t2β +
1
v2c2β
∑
i
M2i R2i1 , (8)
λ2 = − ν
t2β
+
1
v2s2β
∑
i
M2i R2i2 , (9)
λ3 = −ν + 1
v2sβcβ
∑
i
M2i Ri1Ri2 +
2M2±
v2
, (10)
λ4 = 2ν − Reλ5 −
2M2±
v2
, (11)
Reλ5 = ν − 1
v2
∑
i
M2i R2i1 , (12)
Imλ5 = − 1
v2sβcβ
[
cβ
∑
i
M2i Ri1Ri3 + sβ
∑
i
M2i Ri2Ri3
]
,
(13)
where all the i run from 1 to 3. These relations are very useful
to apply the perturbative, unitarity and stability constraints on
the quartic couplings, which would imply also limits on the
physical parameters such as the mass ranges of heavy neutral
4scalar in the quasi-degenerate case (cf. the following discus-
sions in Section III A and Figs. 13 to 19).
B. Couplings in the CPV 2HDM
We collect here all the couplings of heavy scalars in the
CPV 2HDM, which are important for examining the theo-
retical and experimental constraints as well as the diphoton
prospects at the LHC.
With the discrete Z2 symmetry, the scalar doublets Φ1,2
couple only to the up-type quarks or the down-type quarks and
charged leptons, which is sufficient to suppress the dangerous
tree-level flavor changing neutral couplings of the scalars. The
type-I and type-II Yukawa couplings are, respectively, with
the quark mixing suppressed,
L =

−
(
cα
sβ
mu
v
)
QLΦ˜2uR −
(
cα
sβ
md
v
)
QLΦ2dR + h.c.
−
(
cα
sβ
mu
v
)
QLΦ˜2uR +
(
sα
cβ
md
v
)
QLΦ1dR + h.c.
where QTL = (uL, dL) is the SM quark doublet, Φ˜2 ≡ iσ2Φ∗2
with σ2 being the second Pauli matrix, and the Yukawa cou-
plings to the charged leptons are of the same form as that of
the down-type quarks in both the two cases. After the rotation
R, the couplings of physical scalars Hi to the SM fermions
and W and Z gauge bosons can be parameterized as
L =
3∑
i=1
[
−mf
(
cf,if¯f + c˜f,if¯ iγ5f
)
+ai
(
2m2WWµW
µ +m2ZZµZ
µ
) ]Hi
v
, (14)
with the coefficients cf,i, c˜f,i and ai collected in Table I, as
functions of the R matrix elements in Eq. (7) [13, 32, 51]. In
the CP conserving limit of αb,c = 0, it is clear that theR ma-
trix is block-diagonal, and the first two scalars H1,2 have the
purely CP-even Yukawa couplings of cf ,i while the couplings
of the third one H3 are purely CP-odd c˜f ,i. In the most gen-
eral case, when cf,ic˜f,i 6= 0 or aic˜f,i 6= 0, all the three mass
eigenstate Hi couples to both CP-even and CP-odd currents,
and the CP symmetry is violated.
The Yukawa couplings of the charged scalar H± is
L =

−
√
2
v H
+u¯iVij
[
cotβ mui(1− γ5) + cotβ mdj (1 + γ5)
]
dj + h.c. 2HDM− I
− 1√
2
H+u¯iVij
[
cotβ mui(1− γ5)− tanβ mdj (1 + γ5)
]
dj + h.c. 2HDM− II ,
(15)
with Vij the CKM quark mixing matrix. These couplings can
be used to interpret the LHC limits on the charged scalars in
terms of the 2HDMs, which would be applied to the neutral
scalar sector, due to the oblique constraints on the heavy scalar
mass splitting, as shown in Section III B 3.
In evaluations of the decay widths and propagator matrix
for the (quasi-degenerate) heavy neutral scalars H2,3 below,
we also need the Higgs-gauge couplings g1iZ involving two
different physical scalars and the SM Z boson, which is of
form
g1iZ =
e
2sW cW
[
(−sβR11 + cβR12)Ri3
−(−sβRi1 + cβRi2)R13
]
, (16)
and can be significantly simplified in the parameter set of α =
β − pi/2 and αb,c 6= 0:
g12Z = − e
2sW cW
sαbcαc ,
g13Z =
e
2sW cW
sαbsαc . (17)
The trilinear scalar coupling is relevant to the decay of
H2,3 → hh, and can be extracted from the Higgs potential
as
λ11i ≡ 1
2
∂3L3s
∂2H1 ∂2Hi
= −v
2
∑
m,n,k
R1mR1nRik amnk ,
(18)
with i = 2, 3, L3s the original Lagrangian for the cubic scalar
couplings in the basis of (H01 , H
0
2 , A
0) before the rotation R,
and the coefficients [52]
a111 =
1
2
cβλ1 ,
a112 =
1
2
sβλ345 ,
a113 = −1
2
sβcβImλ5 ,
a122 =
1
2
cβλ345 ,
a123 = −Imλ5 ,
a133 =
1
2
cβ(s
2
βλ1 + c
2
βReλ345 − 2Reλ5) ,
a222 =
1
2
sβλ2 ,
a223 = −1
2
sβcβImλ5 ,
5TABLE I. Yukawa and gauge couplings of the physical neutral scalars in CPV 2HDM, in terms of the corresponding SM couplings.
cu,i c˜u,i cd,i c˜d,i ai
Type I Ri2/ sinβ −Ri3 cotβ Ri2/ sinβ Ri3 cotβ Ri2 sinβ +Ri1 cosβ
Type II Ri2/ sinβ −Ri3 cotβ Ri1/ cosβ −Ri3 tanβ Ri2 sinβ +Ri1 cosβ
a233 =
1
2
sβ(c
2
βλ2 + s
2
βReλ345 − 2Reλ5) ,
a333 =
1
2
sβcβImλ5 , (19)
with λ345 defined in Eq. (5). A general derivation of the scalar
cubic and quartic self couplings in CPV 2HDM can be found
in Ref. [52–54].
We list here also the trilinear couplings of neutral scalars
to the charged scalar H±, which could, in principle, enter the
Hiγγ coupling through the H± loop:
λi+− =
∑
j
Rij λ˜j+− , (20)
with the coefficients λ˜ written in the basis of
(H01 , H
0
2 , A
0) [52, 54]
λ˜1+− = −v cosβ
[
sin2 β(λ1 − λ4 − Reλ5) + cos2 βλ3
]
,
(21)
λ˜2+− = −v sinβ
[
cos2 β(λ2 − λ4 − Reλ5) + sin2 βλ3
]
,
(22)
λ˜3+− = −v sinβ cosβ Imλ5 . (23)
C. Quasi-degenerate heavy scalars and CP violation
The (1, 3) and (2, 3) elements the mass square matrixM20
in Eq. (4) are the source of CPV in the 2HDM, and they are
correlated via
(M20)13 = (M20)23 tβ , (24)
which relates the scalar masses to the CPV angles as fol-
lows [48]
(M21 −M22 s2αc −M23 c2αc)sαb(1 + tα)
= (M22 −M23 )(tαtβ − 1)sαccαc . (25)
In particular, the magnitudes of CPV is very sensitive to the
mass splitting ∆MH ≡ M3 − M2 (here for simplicity we
assume the scalar H3 is heavier than H2, i.e. M3 −M2 > 0).
Given the relation in Eq. (25), with larger deviation of tβ from
1 and smaller mass splitting of ∆M
∆MH MH ≡ M2 +M3
2
, (26)
one gets larger CPV mixing of |αc| in the heavy Higgs sec-
tor. The non-trivial dependence of CPV in 2HDM on the
mass splitting ∆MH (and other parameters such as the heavy
scalar mass MH and tanβ) is crucially important for the cou-
plings of the heavy scalars to the SM particles, for a trans-
parent physical picture we refer to Fig.4 of Ref. [45]. On the
phenomenological side, this is intimately related to the the-
oretical, collider and EDM constraints on the heavy neutral
scalars in Section III. This is also the strongest motivation in
this work for us to study in great detail the phenomenologies
of CPV in the degenerate limit.
In the scalar sector of CPV 2HDM, we have the mass
parameters m2ij , and the quartic couplings λi in the poten-
tial (1), including also the two phases of m212 and λ5. After
spontaneous symmetry breaking, these are related to the phe-
nomenological parameters, of which some are already known
and some others are measurable at the LHC: the EW VEV
v and ratio tanβ, the neutral scalar masses Mi, the charged
scalar mass M±, the (CPV) mixing angles α, αb, αc, and
the soft Z2 breaking parameter msoft. To simplify the nu-
merical calculations below in the high-dimensional parameter
space and obtain some physically meaningful results, we will
not scan the whole parameter space, but rather make the fol-
lowing reasonable assumptions, which are applied to all the
numerical calculations below and suffice to demonstrate the
non-trivial features in the scalar sector of CPV 2HDM:
• The alignment limit requires both α = β − pi/2 and
αb = 0 [49, 50], i.e., no CPV in the Z2 symmetric
model. However, a small deviation from the exact align-
ment limits is still allowed by current LHC Higgs data,
i.e. the couplings of SM Higgs to the gauge bosons
a1 = − cosαb sin(α − β) ' 1; in other words, α may
deviate from β − pi/2 and/or αb may be non-zero. In
this paper, we consider a particular direction in vicin-
ity of the exact alignment limit, i.e., α = β − pi/2 and
αb 6= 0, which is also adopted in Refs. [13, 14, 32]. It
is found that in this direction the mixing angle αb can
be allowed up to ∼ O(10−1) for tanβ ∼ 1, and, as
aforementioned, the scenario can generate abundantly
the BAU through the EWBG mechanism due to the ex-
istence of beyond SM CPV and the feasibility of strong
first order phase transition [12–14, 55]. This motivates
us to investigate further the CPV effects in the upcom-
ing LHC data in this scenario, which is largely comple-
mentary to the EDMs experiments in the direct searches
of CP violation [51, 56]. It turns out that, as seen in
the following sections, the amplified CP violating inter-
ference effects in the diphoton spectrum in comparison
with the CP conserving cases are able to be detected at
the HL-LHC 14 TeV run [39, 40, 44].
• As illustrating examples, we will focus on two spe-
cific value of the small mass splitting ∆MH = 1 and
10 GeV; for larger values, say 50 GeV, the two heavy
6scalar H2,3 are significantly separated apart, with much
weaker correlations between them. An even smaller
mass splitting ∆MH is, on the other hand, in practice
possible, but would not change too much the qualitative
features and might need mild tuning of the parameters
in the potential.
• The Z2 breaking parameter m2soft = Rem
2
12 is directly
related to the quartic couplings λi, see Eqs. (8) to (13).
Its impact on the diphoton signal is two folded: On one
hand, it will enter the trilinear couplings of the neu-
tral and charged scalars λi+−HiH+H− in Eqs. (21)
to (23), and contribute to the H± loop for the effec-
tive Hiγγ interaction. However, as long as the quar-
tic couplings λi are within the perturbative ranges, the
H± loop contribution to the diphoton signal is always
subdominant to the fermion loops. On the other hand,
the perturbativity, stability and unitarity bounds on the
quartic couplings would also set limits on msoft, de-
pending on tanβ, the heavy scalar masses and the mix-
ing angles. For the scalar masses below 1 TeV, the
theoretical limits require that the soft breaking mass
parameter to be of the few hundred GeV. To be spe-
cific, throughout the numerical calculations below we
set msoft = 300 GeV.
• We will not apply any “artificial” constraints on the
heavy scalar mass MH > mh, tanβ, and the CPV
mixing angles −pi2 < αb,c < pi2 , besides the correla-
tion obtained from Eq. (25):
sinαb =
1
2
(M23 −M22 ) sin 2αc tan 2β(
M22 sin
2 αc +M23 cos
2 αc
)−m2h , (27)
or, alternatively,
tan 2β =
[
cos 2αc +
(
M22 +M
2
3
)− 2m2h
M23 −M22
]
sinαb
sin 2αc
.
(28)
In the calculations below we will exclude the unphysi-
cal regions in which the phase αb or αc does not have a
real solution.
D. Heavy neutral scalar decay and propagator matrix
Compared to the SM-like scalar H1 = h, the couplings
of H2,3 to the SM fermions and massive gauge bosons are
rescaled respectively by the cf,i (c˜f,i) and ai coefficients in
Table I, and therefore the decay widths into SM fermion pairs,
WW and ZZ are respectively proportional to the linear com-
binations of (cf,i)2 and (c˜f,i)2 and a2i . The beyond SM de-
cay channels Hi → hh, hZ are dictated respectively by the
couplings λ11i in Eq. (18) and g1iZ in Eq. (16). In the CP
conserving limit of αb,c = 0, both the two couplings, and thus
the two decay modes, are vanishing. At loop level, the heavy
scalars could decay into two gluons and two photons, as in
the SM, mediated by the SM fermion loops, with sublead-
ing contribution from the W± and H± loops for the diphoton
channel (as long as the quartic couplings λi in the potential (1)
are within the perturbative range). The partial decay widths in
CPV 2HDM for these channels are respectively, at the leading
order,
Γ(Hi → ff¯) =
NfCGFMim
2
f
4
√
2pi
[(
1− 4m
2
f
M2i
)
(cf,i)
2 + (c˜f,i)
2
](
1− 4m
2
f
M2i
)1/2
, (29)
Γ(Hi → V V ) = Γ(HSM → V V )× (ai)2
=
GF δVM
2
i (ai)
2
16
√
2pi
(
1− 4m
2
V
M2i
)1/2(
1− 4m
2
V
M2i
+
12m4V
M4i
)
, (30)
Γ(Hi → hh) = |λ11i|
2
4piMi
(
1− 4m
2
h
M2i
)1/2
, (31)
Γ[Hi → hZ] = |g1iZ |
2m2Z
16piMi
[(
1− (mh +mZ)
2
M2i
)(
1− (mh −mZ)
2
M2i
)]1/2
×
[
1− 2(M
2
i +m
2
h)
m2Z
+
(M2i −m2h)2
m4Z
]
, (32)
Γ(Hi → gg) = GFα
2
s(Mi)M
3
i
64
√
2pi3
∣∣∣∣∣∑
q
cq,iA
H
1/2(τq)
∣∣∣∣∣
2
+
∣∣∣∣∣∑
q
c˜q,iA
A
1/2(τq)
∣∣∣∣∣
2
 , (33)
7Γ(Hi → γγ) = GFα
2
EMM
3
i
128
√
2pi3

∣∣∣∣∣∣
∑
j=1,2
Rij λ˜j+−v
2M2±
A0(τ±) +
∑
f
NfCQ
2
fcf,iA
H
1/2(τf ) + aiA1(τW )
∣∣∣∣∣∣
2
+
∣∣∣∣∣∣Ri3λ˜3+−v2M2± A0(τ±) +
∑
f
NfCQ
2
f c˜f,iA
A
1/2(τf )
∣∣∣∣∣∣
2
 , (34)
where τX = M2H/4m
2
X (with τ± = M
2
H/4M
2
±), δV = 1 for
the Z boson and 2 for the W boson, αEM the fine-structure
constant, the strong coupling αs evaluated at the scale MH ,
the trilinear scalar couplings λ˜ given in Eqs. (21) to (23), the
loop functionsA(τ) for the charged scalars, fermions and vec-
tors are the same as in [3, 57].
Representative examples of the various branching ratios
(BRs) of the heavy scalars H2,3 in the CPV 2HDM are pre-
sented in Fig. 1, as functions of the heavy scalar mass MH ,
for both the type-I and type-II Yukawa couplings in respec-
tively the left and right panels, with small mass splittings as
mentioned ∆MH = 1 GeV (upper) and 10 GeV (lower),
tanβ = 0.5, and the maximal mixing of the two heavy scalars
αc = pi/4. With these mass and mixing parameters fixed,
the mixing angle αb is determined via the relation given in
Eq. (27), which is considered as a function of the scalar mass
MH . In this maximal-mixing case, the decay BRs of the two
quasi-degenerate scalars H2,3 are almost the same, with small
corrections from, e.g., the tiny differences of phase spaces.
Here follow more comments on these different decay modes:
• As a result of the O(1) top Yukawa coupling mt/v in
the SM, H2,3 decays almost 100% into top pairs, as
long as it is kinematically allowed. As a “side effect”,
the top-loop induced decay H2,3 → gg is generally
larger than, or comparable to, other channels besides
tt¯ in most of the parameter space (the yellow lines in
Fig. 1). The decay rates to other lighter fermions, e.g.
bb¯ and τ τ¯ , depend largely on the SM Yukawa coupling
and tanβ.3
• For the quasi-degenerate case of H2,3, the mixing an-
gle αb is generally very small. Even if it is sizable, say
∼ 0.1, it could be easily excluded by the EDM measure-
ments, cf. Figs. 17 to 19. Therefore, for a small mixing
αb with the SM Higgs, these decay modes into SM h,
W and Z bosons are in general highly suppressed, if the
tt¯ channel is open. Resultantly, the constraints from di-
rect searches ofH2,3 →WW/ZZ, hh and hZ are very
limited, effective only when the scalar massMH . 450
GeV for both ∆MH = 1 GeV and 10 GeV, unless tanβ
is to some extent fine-tuned | tanβ − 1|  1. See
Figs. 5 to 9 and Section III B 4 for more details.
3 In the CPV 2HDM with quasi-degenerate heavy neutral scalars, the scenar-
ios with large tanβ ∼ mt/mb is excluded by the perturbativity, unitarity
and stability constraints, or at least highly disfavored; the favorite regions
are around tanβ ∼ 1, see the examples in Figs. 13 and 14.
• In the large MH limit, the BR(H2,3 → γγ) is expected
to be of order 10−5, dictated by the couplings and loop
factors in Eqs. (29) and (34) (here we have used the fact
that the loop functions |AH1/2(τt)| ' |AA1/2(τt)| when
MH is significantly larger than 2mt but below roughly
the TeV range):
BR(Hi → γγ) ' Γ(Hi → γγ)
Γ(Hi → tt)
' α
2
EMM
2
H
54pi2m2t
∣∣∣AH1/2(τt)∣∣∣2 , (35)
which is determined predominantly by the heavy scalar
mass MH and has a weak dependence on other pa-
rameters in the 2HDM. For the illustration purpose, we
present the BR(H2,3 → γγ) in Fig. 2 in both the type-I
and type-II 2HDM, where the mass and mixing param-
eters vary freely in the ranges below
MH = M± ∈ [mh, 1 TeV] ,
∆MH ∈ [1, 10] GeV ,
msoft ∈ [100, 500] GeV ,
tanβ ∈ [0.1, 10] ,
αc ∈ [−pi/2, pi/2] , (36)
and αb can be solved from the relation (27). It is
transparent in Fig. 2 that in most of regions of inter-
est the branching fraction into diphoton is within a nar-
row band which is well described by Eq. (35) (when the
theoretical constraints and experimental limits in Sec-
tion III are taken into consideration, some points with
small BRs in Fig. 2 might be excluded). Though the BR
into diphoton is small, the SM background gg → γγ,
which arise at one-loop level, is also suppressed com-
pared to other processes. Without severe contamination
from the messy QCD processes, H2,3 → γγ should
be one of the most important channels for direct heavy
scalar searches at the LHC,4 as for the SM Higgs.
It is known that for multiple (nearly-)degenerate reso-
nances, the imaginary part of their propagator matrix is not
4 The Zγ channel will not be explored here since interference effects in the
process gg → Zγ is relatively small, though the BR of which can be
relatively larger.
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FIG. 1. Representative examples of BRs of the heavy scalars H2,3 in CPV 2HDM of type-I (left) and type-II (right), as functions of scalar
mass MH , with a small mass splitting of ∆MH = 1 GeV (upper) or 10 GeV (lower), and tanβ = 0.5. With the maximal mixing αc = pi/4,
the BRs of the two heavy scalars H2,3 are almost the same.
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FIG. 2. BR(H2,3 → γγ) in CPV 2HDM of type-I (left) and type-II (right), as functions of scalar mass MH , with the mass and mixing
parameters varying in the ranges given in Eq. (36).
diagonal if they have common decay channels [58]. This was
also discussed for the amplitudes involving the CPV reso-
nances in Ref. [59]. Here we define the 2 × 2 propagator
matrix for H2,3 as follows
Pij(sˆ) =
(
sˆ−M22 + iΠ̂22(sˆ) iΠ̂23(sˆ)
iΠ̂23(sˆ) sˆ−M23 + iΠ̂33(sˆ)
)−1
=
1
detP−1ij (sˆ)
(
sˆ−M23 + iΠ̂33(sˆ) −iΠ̂23(sˆ)
−iΠ̂23(sˆ) sˆ−M22 + iΠ̂22(sˆ)
)
. (37)
9The absorptive parts of the scalar propagator matrix receive contributions from the loops of the SM fermions, vector bosons,
associated scalar-vector bosons, and SM Higgs pairs [60]
Π̂ij(sˆ) = Π̂
ff
ij (sˆ) + Π̂
V V
ij (sˆ) + Π̂
hZ
ij (sˆ) + Π̂
hh
ij (sˆ) (38)
where the partial contributions are respectively
Π̂ffij (sˆ) = KF (
√
sˆ)
∑
f
NfC sˆ m
2
f
8piv2
√
1− 4κf
×
[
(1− 2κf ) (cf,ic∗f,j + c˜f,ic˜∗f,j)− 2κf (cf,ic∗f,j − c˜f,ic˜∗f,j)
]
Θ(sˆ− 4m2f ) , (39)
Π̂V Vij (sˆ) =
GFaiajδVM
2
iM
2
j
16
√
2pi
√
1− 4κV
×
[
1 + 2
(
m2V
M2i
+
m2V
M2j
)
− 4m
2
V (2sˆ− 3m2V )
M2iM
2
j
]
Θ(sˆ− 4m2V ) , (40)
Π̂hZij (sˆ) =
g1iZg1jZM
2
iM
2
j
16pi v2
λ1/2(1 , κh , κZ)
×
[
1− m
2
h −m2Z
M2i
− m
2
h −m2Z
M2j
+
(m2h −m2Z)2 − 4sˆm2Z
M2iM
2
j
]
Θ(sˆ− (mh +mZ)2) , (41)
Π̂hhij (sˆ) =
Sij; 11 λ11iλ11j
32pi
√
1− 4κh Θ(sˆ− 4m2h) . (42)
where κX ≡ m2X/sˆ, Kf (
√
sˆ) ' 1 + 5.67αs(
√
sˆ)/pi account-
ing for the high-order corrections, λ(x , y , z) = x2 + y2 +
z2 − 2(xy + yz + xz), and Sij; 11 the symmetry factor for
identical particles. The total decay widths of H2,3 are related
to the imaginary parts of the self energies as follows
Π̂ii(M
2
i ) 'MiΓi , (43)
excluding the loop decay modes into gluons and photons. Un-
der the limit of negligible off-diagonal widths, the propagators
are reduced to the standard one
Pii(sˆ)→ 1
sˆ−M2i + iΠ̂ii(sˆ)
. (44)
III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS
To have a self-consistent description, the mass spectrum
and scalar potential of the CPV 2HDM should be constrained
by the unitarity, perturbativity and vacuum stability require-
ments, which is summarized in Section III A. The current
LHC constraints on the heavy scalars are presented in Sec-
tion III B, including the direct searches in the final state of
WW/ZZ, hh and hZ and the consistency of differential tt¯
data with the SM predictions. When the EW precision tests
are considered, the mass splitting |MH −M±| can not be ar-
bitrarily large, which could imply constraints onH2,3 from the
charged scalar sector, which is detailed also in Section III B.
The EDMs are one of the observables that are most sensitive
to the beyond SM CPV, which is collected in Section III C. All
these limits are used to constrain the masses of heavy scalars
H2,3 in CPV 2HDM and their couplings.
With the parameter setups in Section II C, we scan the pa-
rameter space by varying MH , tanβ, αb (or αc), and present
all these limits in the two-dimensional plots of MH − tanβ,
MH − αc and MH − αb in Figs. 5 to 9. In the MH − tanβ
space, we compare the two scenarios of CP conservation
αc = 0 and maximal CP violation αc = pi/4 (here αb de-
termined by the relation 27). Clearer dependence on the CPV
angle αc can be found in the MH − αc plots, where we take
two benchmark values of 10−3 and 10−2 for αb and tanβ is
determined by Eq. (28). In the MH − αb plots we set αc to
be positively and negatively maximal (tanβ is again obtained
by the equation Eq. (28)), i.e. αc = ±pi/4. By comparing
the plots in Figs. 8 and 9 we can see clearly the implications
of changing the sign of αc, in some regions of the parameter
space.
A. Unitarity, perturbativity and stability bounds
The perturbative unitarity constraints are imposed on the
model so that it is not very strongly coupled, which are ob-
tained by evaluating the S-matrices for the coupled scalar
scattering amplitudes in the CPV 2HDM (see Refs. [61, 62]
for the CP conserving 2HDM case). The S-matrices for
coupled channels with different charge configurations can be
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packed as follows
a00 =
1
16pi
diag(X4×4 , Y4×4 , Z3×3 , Z3×3) , (45)
a+0 =
1
16pi
diag(Y4×4 , Z3×3 , λ3 − λ4) , (46)
a++0 =
1
16pi
Z3×3 , (47)
with the explicit expressions for the submatrices of
(X4×4 , Y4×4 , Z3×3) [62]
X4×4 =

3λ1 2λ3 + λ4 0 0
2λ3 + λ4 3λ2 0 0
0 0 λ3 + 2λ4 + 3Reλ5 3Imλ5
0 0 3Imλ5 λ3 + 2λ4 − 3Reλ5
 , (48)
Y4×4 =

λ1 λ4 0 0
λ4 λ2 0 0
0 0 λ3 + Reλ5 Imλ5
0 0 Imλ5 λ3 − Reλ5
 ,
Z3×3 =
 λ1 Reλ5 + iImλ5 0Reλ5 − iImλ5 λ2 0
0 0 λ3 + λ4
 .
The eigenvalues in Eqs. (45) to (47) should be ∈ (− 12 , 12 )
under the unitarity constraints. To satisfy the tree-level vac-
uum stability requirements, we impose the following condi-
tions onto the quartic couplings in the potential (1):5
λ1 ,2 > 0 , λ3 > −
√
λ1λ2 ,
λ3 + λ4 − |λ5| > −
√
λ1λ2 . (49)
The perturbativity limits are simply |λi| < 4pi.
B. Collider constraints
1. Direct heavy neutral scalar searches
The direct searches of heavy neutral scalars have been per-
formed at the LHC, in the decay modes of heavy scalars into
the SM particles of V V = WW , ZZ [64–66], hh [67–71]
and hZ [72–74], with the h, W and Z bosons decaying fur-
ther into lighter SM particles. There have been also searches
of heavy CP-even or odd resonance scalars in the diphoton
spectra [75–77]. However, in these searches, the interfer-
ence effects between the resonance and SM background are
not taken into account, and these exclusion limits can not be
naı¨vely interpreted on the 2HDM we are considering in which
the interference terms are generally much more important than
the pure resonances (see the examples in Figs. 10 and 11).
The diphoton searches in Ref. [78] are interpreted in terms of
5 At loop level, these stability conditions might be weakened to some extent,
see e.g. [63].
the 2HDM [79–83], with a pair of degenerate CP-even and
odd scalars H/A. However, the scenarios they considered are
MH/A = 200 GeV and 300 GeV, which is excluded by the
theoretical limits in Section III A, even if there is no CPV mix-
ing between the two heavy scalars (cf, e.g. Figs. 13 and 14).
Therefore, we will consider only the direct search limits from
the massive final states h, W and Z in the discussions below.
To constrain the CPV 2HDM, we collect all the current
most stringent direct search limits in these different decay
channels in Fig. 3 at both
√
s = 8 TeV and 13 TeV. The
degenerate heavy scalars are produced predominantly from
gluon fusion, as in the most general 2HDM scenarios. In the
left panel of Fig. 3, the red, green and blue lines stand respec-
tively for the limits in the final states ofWW/ZZ, hh and hZ.
We do not show the limits beyond 1 TeV, as in CPV 2HDM
with quasi-degenerate H2,3 the masses range MH & 1 TeV is
excluded, or at least highly disfavored, by the stringent theo-
retical bounds in Section III A on the quartic couplings λi (cf.
the limits in Figs. 13 to 19).
To impose the current LHC constraints on the cross sections
σ(pp→ H2,3 → XX)
=
∑
i=2,3
σ(gg → Hi)× Br(Hi → XX) , (50)
we consider for simplicity the leading order production of
heavy scalars from gluon fusion by rescaling the production
rate for a SM-like Higgs
σ(gg → Hi)
σ(gg → hSM) =
∣∣∣∑q cq,iAH1/2(τq)∣∣∣2 + ∣∣∣∑q c˜q,iAA1/2(τq)∣∣∣2∣∣∣∑q AH1/2(τq)∣∣∣2
(51)
with τq = M2Hi/4m
2
q , and then evaluate the leading order
BR(Hi → XX) from the partial decay widths in Eqs. (29)
to (33). As mentioned in Section II C, we scan the parame-
ter space of CPV 2HDM, by changing the parameters MH ,
tanβ, αb (or αc), with the constraint in Eq. (27) taken into
consideration and ∆MH = 1 GeV or 10 GeV. All the 95%
CL limits from direct LHC searches in the WW/ZZ, hh and
hZ channels are presented, respectively, as the red, green and
blue shaded regions in Figs. 5 to 9, as functions of the heavy
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FIG. 3. Left: Limits on the cross sections of gg → H2,3 at the LHC, in the subsequent different decay modes: The solid, dashed, and
dot-dashed red lines are the limits from the decays H → ZZ in Ref. [64] and H → WW/ZZ in Ref. [65] and [66]; the solid, dashed and
dot-dashed green lines from H → hh [68], [70] and [69]; the solid and dashed blue lines from H → hZ [72] and [74]. In this plot we show
also the direct charged scalar search limits from pp→ H±X [87] (dashed purple). Right: The 95% CL uncertainties of the differential cross
section dσ/dMtt [85], which is used to constrain the (CPV) couplings of H2,3 to the top quark. See text for more details.
scalar mass MH and tanβ, αc or αb. See Section III B 4 for
the details.
2. Differential tt¯ cross section
The heavy neutral scalars H2,3 of 2HDM couple to the SM
fermions, even in the CP conservation limit of αb,c = 0. As
aforementioned and exemplified in Fig. 1, H2,3 decay pre-
dominantly into the top quark pairs. There have been dedi-
cated searches of the (pseudo)scalars H/A → tt¯ in 2HDM
performed by ATLAS, with the interference terms taken into
consideration. However, only two specific scalar masses are
considered: MH/A = 500 and 750 GeV [84]. To constrain
the CPV 2HDM in a more general sense, we resort to the dif-
ferential cross section measurements with respect to the in-
variant mass of the two top jets dσ/dMtt¯ [85]. The 2HDM
processes gg → H2,3 → tt¯ arise at one-loop level through
the top quark mediated Higg loop, and interfere with the tree-
level SM background gg → tt¯. The invariant mass Mtt¯ could
likely be distorted, depending on tanβ, the scalar mass MH ,
the mass splitting ∆MH and the mixing parameters. The con-
sistency of experimental data and theoretical predictions im-
poses stringent constraints on the couplings of H2,3 to the top
quark, which is largely complementary to the direct searches
of H2,3 in the h, W and Z bosonic final states.
The parton-level analytical expressions for H2,3 → tt¯ in
CPV 2HDM are to some extent similar to that for diphoton
channel in Section IV, with the amplitudes Hiγγ amplitudes
replaced by those for Hitt¯. As in the diphoton case, the res-
onance signal gg → H2,3 → tt¯ interferes with the tree-level
SM background gg → tt¯. The explicit formulas for the reso-
nance and interference terms can be found, e.g., in Ref. [41];
for the sake of completeness, we collect the differential cross
sections dσ/dMtt¯ in Appendix A. The 95% CL experimental
uncertainties ∆(dσ/dMtt¯) at
√
s = 13 TeV are presented in
the right panel of Fig. 3, which is dominated by the systematic
and statistical errors of the experimental data [85]. To con-
strain the beyond SM CP conserving and violating couplings,
in particular those to the top quark, we evaluate the differential
cross sections dσ/dMtt¯ in the CPV 2HDM, as functions of
the scalar masses and mixing parameters, and compare them
to the experimental limits given in Fig. 3 by requiring that the
integrated cross sections in these seven bins from Mtt = 300
GeV to 1100 GeV are all smaller than the experimental uncer-
tainties. The excluded regions in the parameter space of MH ,
tanβ and αb,c are presented in Figs. 5 to 9 as the pink lines,
and in Figs. 13 to 19 as the shaded pink regions.
3. Limits from the charged scalar sector
The scalar mass spectrum of CPV 2HDM and the mixing
angles are subject to the EW precision tests. In particular,
with the two neutral scalar H2,3 almost degenerate, the mass
splitting |MH −MH± | of heavy neutral and charged scalars
can not be arbitrarily large, which is tightly constrained by
the oblique parameters. Therefore, all the mass limits on the
charged scalar H± can be “transferred” to the neutral scalars
of 2HDM, no matter where these limits are from. These limits
from the charged scalar sector can be, in some sense, consid-
ered as “indirect” limits on the neutral scalars in the frame-
work of 2HDM, and might be dramatically changed when the
scalar sector is altered, e.g. more scalar singlet(s) and/or mul-
tiplet(s) are introduced. When “transferred” from the charged
scalar sector to the neutral scalar sector, the mass limits would
be weakened by the magnitude of O(100 GeV), which is dic-
tated by the S and T parameters, and ultimately determined
by the mass and mixing parameters in CPV 2HDM. In the
case of β − α = pi/2 with αb,c 6= 0, the expressions for
S and T can be significantly simplified and are collected in
Appendix B [51]. As the oblique parameter T is much more
sensitive to the mass splitting |MH −M±| than S, in the nu-
merical calculations we will consider for simplicity only the
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constraints from the current global EW fit of T [86]:
T = 0.09± 0.13 . (52)
On the experimental side, charged scalars have been
searched at the LHC in associate production with a top quark
(and a bottom quark), i.e. pp → H±X , with the subsequent
decay of H± → tb, τν [87–89]. In the 2HDM, the charged
scalar H± decays mostly into the top-bottom quarks, with
the coupling strength depending on tanβ and whether it is
of type-I or type-II. The current most stringent limits on the
cross section σ(pp → H±) is from Ref. [87] and shown in
the left panel Fig. 3 as the purple line, and the lower limit
on M± is presented in Fig. 4, for both the type-I and type-
II models, as function of tanβ. In obtaining the M± mass
limits, we follow the leading order parton-level cross section
σ(bg → H−t) in Ref. [90], multiply a factor of 1.5 to account
for the subleading processes [3], with the Yukawa couplings
given in Eq. (15).
With couplings to the SM fermions, the charged scalar
H± in 2HDM contribute significantly to some rare flavor-
changing decay processes which is highly suppressed in the
SM. With ∼ 109 B mesons collected at Belle [91], the par-
tial width of the radiative decay B → Xsγ is precisely mea-
sured, imposing severe constraints on the charged scalar H±
in 2HDM [92, 93]. The extra contributions of H± to the rare
B decays depend on the Yukawa couplings, i.e. whether they
are type-I or type-II, and also on tanβ, as shown in Fig. 4.
There are also limits on the charged scalar H± from other fla-
vor observations such as ∆mB and K , but these are expected
to be weaker and are not considered here [5]. In the leptonic
sector, there are also limits on the charged scalarH± from the
anomalous magnetic moment of muon (g− 2)µ, see e.g. [51],
which however is much weaker, and will be neglected in this
work. To apply the direct search and B decay limits on H±
in Fig. 4 to the neutral scalars H2,3, we adopt the formula for
∆T given in Eq. (B2), with the limits presented in Figs. 5 to
9.
4. Constraining CPV 2HDM
All the direct search limits of H2,3 in the final states of
WW/ZZ, hh and hZ, the constraints from the differen-
tial tt¯ cross sections, and the limits from the charged scalar
H± (direct search of H± at the LHC and the constraints
from B → Xsγ) are collected in Figs. 5 to 9, in the two-
dimensional planes of MH − tanβ, MH −αc and MH −αb.
In these plots, the legends are the same: the shaded regions are
all excluded by the direct searches of heavy neutral scalars,
with the red, green and blue colors stand respectively for the
limits in the final states of WW/ZZ, hh and hZ, using the
same line legends (solid, dashed or dot-dashed) as in Fig. 3.
The limits from tt¯ data are depicted in pink, while the con-
straints from direct H± searches and B → Xsγ in dashed
purple and orange. All the experimental limits are at the 95%
CL. The theoretical limits from perturbativity, unitarity and
stability are labelled as the gray lines. All the regions below
these colorful and gray lines are excluded. The electron and
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FIG. 4. Lower limits on the mass of charged scalar H± in 2HDM,
as functions of tanβ, from the direct searches at the LHC [87] and
the observations of rare decay B → Xsγ [93]. The solid and dashed
lines are respectively for the type-I and type-II models. These limits
could be used to constrain the heavy quasi-degenerate neutral scalars
H2,3 when combined with the experimental limits on oblique param-
eter T [86].
mercury EDM limits are more relevant to heavier H2,3, and
not shown in these plots but presented in Figs. 13 to 19.
As mentioned and exemplified in Section II D, the BRs of
H2,3 into the SM WW/ZZ, hh and hZ bosons are gener-
ally very small when the top quark channel is kinematically
allowed, and these direct search data could exclude some re-
gions where the scalars are not too heavy, i.e. MH . 450
GeV, in general less constraining than the “indirect” limits
from tt¯,H± direct searches, rareB decay and EDM data. The
direct searches limits from WW/ZZ, hh and hZ are collec-
tively depicted in yellow in Figs. 14, 16, 17 and 18. The read-
ers who are more interested in the diphoton prospects at the
LHC and the EDM limits can skip all the following details in
this subsection.
We first demonstrate the important collider limits on the
heavy neutral scalars H2,3 in CPV 2HDM in the MH − tanβ
plane. One should note that in the CP conserving limit of
αb,c = 0, the decay modes H2,3 → WW/ZZ, hh, hZ are
all highly suppressed, and we do not have any limits on H2,3
from the direct searches at the LHC. However, the limits from
differential tt¯ data are still there, as the scalar H2,3 both cou-
ple to the SM fermions, no matter how the mixing changes.
In addition, the oblique parameter T does not vanish even in
the limit of αb,c = 0 (cf. Eq. (B2)), which render limits on
the neutral scalars H2,3 from the H± searches and B → Xsγ
data. These limits from the tt¯ data,B decay data and the direct
searches of H± in the CP conserving limit of αb,c = 0 can be
found in Fig. 13 where we also show the diphoton prospects.
The collider limits on H2,3 with the maximal αc = pi/4
in the MH − tanβ space are presented in Fig. 5, for both
the type-I and type-II Yukawa couplings. The unphysical re-
gions are painted in black, within which we can not find real
solutions for the mixing angles αb,c in Eq. (27). As men-
tioned in Section III B 1, the scalars H2,3 are produced pre-
dominantly from gluon fusion gg → H2,3. When the heavy
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scalar masses MH ' 2mt ' 350 GeV, we have a resonance-
like effect for the direct search limits, due to the enhanced
top loop amplitude in the production process, therefore ex-
cluding broader regions. Comparing the upper and lower
panels in Fig. 5 with respectively ∆MH = 1 GeV and 10
GeV, a larger mass splitting ∆MH pushes the mixing αb and
the BR(H2,3 → WW/ZZ, hh, hZ) larger (cf. the exam-
ple given in Fig. 1), then broader regions are excluded in the
lower plots for all these bosonic decay modes. Note that in
Fig. 5, the direct search data could exclude larger values of
MH when
| tanβ − 1|  1 , (53)
as in the limit of tanβ → 1, the CPV angle αb is largely
enhanced by tan 2β in Eq. (27), when other mass and mixing
parameters fixed.
The collider limits projected into the MH − αc plane are
collected in Figs. 6 and 7, with respectively the benchmarks
values of αb = 10−3 and 10−2. Note that with αb = 10−3
and ∆MH = 10 GeV, the whole region in the MH −αc plane
is excluded by the perturbativity, unitarity and stability limits,
thus we have only the plots with a smaller splitting ∆MH = 1
GeV in Fig. 6. For fixed values of αb, a positive αc > 0 leads
to a solution tanβ < 1 via Eq. (28), and the limits from dif-
ferential tt¯ data are more stringent than the case with a neg-
ative αc < 0 for which tanβ > 1 (see also the tt¯ limit in
Fig. 5). With a larger αb = 10−2, for positive αc the tanβ
in Fig. 7 is larger and the couplings of H2,3 to the top quark
get smaller, then the tt¯ limits are much weaker. Therefore the
tt¯ limits are not shown in Fig. 7. With the same reason, the
H± direct search limits in Fig. 7 are much weaker than those
in Fig. 6, as the direct search data in Fig. 4 is effective only
when tanβ . 0.5. We can also see the dependence of the
theoretical limits on the mass and mixing parameters, in par-
ticular by comparing the upper and lower plots with different
∆MH in Fig. 7. Anyway, the direct neutral scalar limits are
well below the theoretical limits and B → Xsγ constraints in
the two-dimension space of MH and αc, as long as the mass
splitting is small.
In Figs. 8 and 9, we present the collider limits in the two-
dimensional space of MH and αb, with respectively αc =
−pi/4 and +pi/4, and tanβ determined via the relation in
Eq. (28). In these plots we can clearly see the dependence
of the WW/ZZ, hh and hZ limits on the mixing angle αb.
The cross sections σ(gg → H2,3 → WW/ZZ, hh, hZ) are,
roughly, proportional to the mixing of the SM Higgs h with
the heavy scalars, therefore a large αb excludes broader range
of heavy scalar mass MH . However, a large αb, say ∼ 0.1,
is excluded or highly disfavored by the EDM measurements;
see Figs. 17 to 19. With αc < 0 and > 0, tanβ is greater and
smaller than one, respectively, in Figs. 8 and 9, therefore the
limits from tt¯ and H± direct searches at the LHC are much
more stringent in the latter case, as just mentioned. As a direct
consequence of tanβ < 1 and larger couplings of H2,3 to the
top quark, the WW/ZZ, hh and hZ data exclude larger re-
gions in Fig. 9 than in Fig. 8. As in Figs. 5 to 7, all the direct
search limits in Figs. 8 and 9 are below MH . 450 in almost
the whole parameter space, and less important than other lim-
its, e.g. from EDM, when we are focusing on the diphoton
searches in the degenerate limit.
C. EDM constraints
With the EDM of a fermion denoted by dEf and the chromo-
EDM (CEDM) of a quark by dCq , the relevant (C)EDM inter-
action Lagrangian is given by
L(C)EDM = − i
2
dEf F
µν f¯ σµνγ5 f
− i
2
dCq G
aµν q¯ σµνγ5T
aq , (54)
with Fµν and Gaµν the electromagnetic and strong field
strengths, and T a = λa/2 the generators of the SU(3)C group.
The gluonic dimension-six Weinberg operator is described by
the interaction Lagrangian:
LWeinberg = 1
6
dG fabc 
µνλσGaρµGλσ, G
c ρ
ν , (55)
In the CPV 2HDM, the Weinberg operator dG is the neutral
Higgs contribution [94, 95]
dG = (dG)H . (56)
In the CPV 2HDM, the CP-odd electron-nucleon interac-
tions CS coming from the CP-odd four-fermion interactions
LCS = C4fS e¯iγ5e N¯N (57)
with
(CS)
4f =
(29MeV)gdgecdc˜e
mdM2H
+
(220MeV)gsgecsc˜eκ
msM2H
,
with gf = mf/v and κ ≈ 0.5±0.25 [96]. then, it is appropri-
ate to define an effective electron EDM entering paramagnetic
system as [97],
deffpara ≈ de +
αC4fS
αde
C4fS . (58)
the coefficients αi are provided by atomic calculations [98,
99]. As the contributions to CS are mediated by the scalars
and hence highly suppressed, the ACME results can be safely
interpreted as an upper limit for the electron EDM dEe . There-
fore, we will impose on 2HDM the latest eEDM constraint
from the ACME collaboration of [30],
|de| < 8.7× 10−29 e · cm . (59)
The mercury EDM receives a dominant contribution
from the nuclear Schiff moment S, which is generated by
long-range, pion-exchange time-reversal-violating and parity-
violating (TVPV) nucleon-nucleon interactions,
LTVPVpiNN = N¯
[
g¯(0)pi ~τ · ~pi + g¯(1)pi pi0 + g¯(2)pi (2τ3pi0 − ~τ · ~pi)
]
N.
(60)
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FIG. 5. Experimental limits on the CPV 2HDM of type-I (left) and type-II (right) with maximal CP violation αc = pi/4 and two quasi-
degenerate scalars H2,3 with a small mass splitting of ∆MH = 1 GeV (upper) or 10 GeV (lower). The red, green and blue shaded regions
are respectively from the direct searches of heavy neutral scalars in the final states of WW/ZZ, hh and hZ collected in Fig. 3 [64–66, 68–
70, 72, 74], with the same line legends as in that figure, e.g. the solid red line represents the limits from Ref. [64]. In this figure we also
show the limits from the uncertainties of differential cross section dσ/dMtt at the parton-level [85] (solid pink), the limits from the direct
searches of charged scalars at the LHC [87] (dashed purple) and precise measurements of B → Xsγ [93] (dashed orange). The short-dashed,
long-dashed and dot-dashed gray lines are respectively form the limits of theoretical arguments of unitarity, perturbativity and stability of the
scalar potential. All the regions below the unshaded lines (and the regions above the upper short and dashed gray lines in the two lower panels)
are excluded. See text for more details.
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FIG. 6. The same as in Fig. 5 in the MH − αc plane, with αb = 10−3 and ∆MH = 1 GeV. The scenarios with larger splitting ∆MH = 10
GeV is excluded by the theoretical arguments of perturbativity, unitarity and stability.
In a general context, the isoscalar and isovector couplings g¯(0)pi , g¯
(1)
pi dominate over the isotensor coupling g¯
(2)
pi , then the
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FIG. 7. The same as in Fig. 6 with αb = 10−2, ∆MH = 1 GeV (upper) and 10 GeV (lower).
mercury EDM is approximately given by [100],6
dHg = κSS ≈ κS 2mNgA
Fpi
(
a0g¯
(0)
pi + a1g¯
(1)
pi
)
, (61)
where gA ≈ 1.26, Fpi = 186 MeV, the nuclear matrix ele-
ments a0 = 0.01 e fm3, a1 = ±0.02 e fm3 [103], and
g¯(0)pi = η˜(0)(δ˜u + δ˜d) + γ
G˜
(0)CG˜ , (62)
g¯(1)pi = η˜(1)(δ˜u − δ˜d) + γG˜(1)CG˜ . (63)
To perform the numerical calculations, we use the following
hadronic matrix elements [100]
η˜(0) = −2× 10−7 , η˜(1) = −4× 10−7 ,
γG˜(0) ≈ γG˜(1) = 2× 10−6 , (64)
and assume a new atomic sensitivity coefficient κS = −2.8×
10−4 fm−2 [103]. Throughout our calculations, we will im-
pose the latest constraint on the mercury EDM [31]
|dHg| < 7.4× 10−30 e · cm , (65)
6 It should be kept in mind that the calculations of mercury EDMs are sub-
jected to the uncertainties of hadronic matrix elements, for a recent review,
see Ref. [101]. The upper limits on the nuclear Schiff moment S has been
estimated in Ref. [102].
which could constrain tightly the 2HDM parameter space and
is largely complementary to the ACME result.
To calculate the mercury EDM, we need to incorporate the
effect of renormalization group running of the Wilson coeffi-
cients from the new physics scale down to the hadronic scale.
The Wilson coefficients of effective operators related to the
electron EDM, CEDM and Weinberg three gluon operators
are, respectively,
δf ≡ −
Λ2dEf
2eQqmq
, δ˜q ≡ −
Λ2dCq
2mq
, CG˜ =
Λ2dG
3gs
, (66)
with mq and Qq respectively the quark masses and charges,
and Λ representing the CPV 2HDM scale which is chosen to
be v = 246 GeV. These effective coefficients can be generated
from the following effective Lagrangian
L = i
∑
f
δf
Λ2
mfeF
µν f¯σµνγ5f
+i
∑
q
δ˜q
Λ2
mqgsG
aµν q¯σµνγ5T
aq
+
CG˜
2Λ2
gsf
abcµνλσGaρµGλσ.G
c ρ
ν . (67)
Details of the EDM evaluations in the CPV 2HDM are sum-
marized in Appendix C. All the separate contributions to elec-
tron and mercury EDMs are proportional to the CP violating
16
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FIG. 8. The same as in Fig. 5 in the MH − αb plane, with αc = −pi/4, ∆MH = 1 GeV (upper) and 10 GeV (lower).
coefficients, e.g. the c˜f couplings in Table I, thus in a large
region of the parameter space of 2HDM, these CPV couplings
are tightly constrained, as shown in Figs. 13 to 19.
IV. THE γγ CHANNEL AT HADRON COLLIDERS
The diphoton process gg → H2,3 → γγ in (CPV) 2HDM at
hadron colliders is analogous to that in the SM gg → h→ γγ
, where the production of scalar(s) is from gluon fusion medi-
ated predominately by the SM top quark, and the scalar(s) de-
cays radiatively into two photons through the SM fermion and
W loops (with subleading contribution from the H± loop).
If extra heavy vector-like fermions or heavy charged vector
bosons are introduced, the production rate and BR into dipho-
ton might be dramatically enhanced [44, 104, 105]. Within
the well-motivated framework of 2HDM without any more
beyond SM particles, the diphoton signal at hadron colliders
is unambiguously determined by the Yukawa and gauge cou-
plings in Table I and the mass and quartic couplings in the
scalar potential (1).
The diphoton signal at the LHC from a single heavy scalar
decay has recently be studied in the Ref. [39, 40, 44], which
applies also to the 2HDM with the two heavy scalars H/A
significantly separated apart, in which case the interference
of the two heavy resonances is in general negligible. The
scenarios with (quasi-)degenerate heavy scalars H2,3 are a
straightforward generalization of the single-resonance case,
with much richer phenomenologies linked to CPV in 2HDM,
as stated above. As detailed below, the degenerate resonances
can be searched at the LHC in the diphoton channel as well
as other decay modes such as tt¯. Furthermore, a large mixing
αc of the quasi-degenerate scalars H2,3 could enhance signif-
icantly the cross section at the resonance peak, compared to
a quasi-degenerate case without any CPV mixing (αc = 0),
by roughly a factor of 50% or even more in a large region of
the parameter space. Therefore, the CPV in the scalar sec-
tor could also be directly probed at a high energy collider,
by simply examining the cross section at the resonance peak.
Searches ofH2,3 → γγ are not only largely complementary to
other channels such as the final states of hh and tt¯, but also to
other probes of CPV beyond the SM like EDM experiments.
In particular, the CPV in the scalar sector of 2HDM might be
small enough to evade the EDM limits but that is still prob-
able at the high energy colliders. Throughout this paper we
will consider only the sensitivities at the
√
s = 14 TeV HL-
LHC with an integrated luminosity of 3000 fb−1. At a future
100 TeV collider like FCC-hh [8, 106, 107] or SPPC [108],
with a larger production cross section, the significance could
be largely improved.
A. The differential cross sections
At hadron colliders, for the diphoton events we have both
the tree-level backgrounds from qq¯ → γγ and the one-loop
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FIG. 9. The same as in Fig. 8 in the MH − αb plane, with αc = +pi/4.
level process gg → γγ. The quark parton processes do not in-
terfere with the diphoton signal from the heavy scalars, but are
comparable to or even larger than the gluon-initialized back-
grounds, both of which are included in calculation of the sig-
nal sensitivities below. The parton-level differential cross sec-
tion for the qq¯ backgrounds is
d
dz
σˆ(qq¯ → γγ) =
∑
q
piα2EMQ
4
q
3sˆ
(
tˆ
uˆ
+
uˆ
tˆ
)
, (68)
where z = cos θ the scattering angle, and we have summed
up all the initial quark flavors. The parton-level cross section
for gg → γγ sums up the SM background and heavy scalar
resonance contributions,
d
dz
σˆtot(gg → γγ) = kF α
2
EMα
2
s(
√
sˆ)
64pi sˆ
×
∑
{λ}
∣∣∣Mbkg{λ} +Mres{λ}∣∣∣2 , (69)
with kF ' 2 is the k-factor for high order QCD correc-
tions [44]. The pure signal cross section is obtained by sub-
tracting the SM background in Eq. (69):
dσˆsig
dz
=
dσˆres
dz
+
dσˆint
dz
, (70)
with
dσˆres
dz
= kF
α2EMα
2
s(
√
sˆ)
64pisˆ
∑
{λ}
∣∣∣Mres{λ}∣∣∣2 , (71)
dσˆint
dz
= −kF α
2
EMα
2
s(
√
sˆ)
64pisˆ
∑
{λ}
Mres{λ}Mbkg ∗{λ} + c.c. ,(72)
and the minus sign in the interference terms are from the addi-
tional fermion loops, and one only needs to include the helic-
ity configurations of {λ} = (±±±±) , (±±∓∓). Explicitly,
the reduced helicity amplitudes for the continuous SM back-
ground gg → γγ are
Mbkg±±±± =M1 , (73)
Mbkg±±∓∓ =M2 , (74)
with, in the massless quark limit [35],
ReM1 =
(∑
q
Q2q
){
1 +
tˆ− uˆ
sˆ
log
∣∣∣ tˆ
uˆ
∣∣∣
+
tˆ2 + uˆ2
2sˆ2
[
log2
∣∣∣ tˆ
uˆ
∣∣∣+ pi2θ( tˆ
uˆ
)
]}
, (75)
ImM1 = −
(∑
q
Q2q
)
pi
[
θ(tˆ)− θ(uˆ)
]
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×
(
tˆ− uˆ
sˆ
+
tˆ2 + uˆ2
sˆ2
log
∣∣∣ tˆ
uˆ
∣∣∣) , (76)
M2 = −
(∑
q
Q2q
)
. (77)
Since the resonance masses we probe below are typically
heavier than the tt¯ threshold, i.e., sˆ ∼ MH & 2mt, we sum
over all the six flavors of quarks, which leads to
∑
q Q
2
q =
5/3.
In the simpler case with a single (CPV) Higgs bosonH , the
corresponding resonance helicity amplitudes can be written in
the rude form of
Mres{λ1λ2} ∼M{λ1}(gg → H) PH M{λ2}(H → γγ)
(78)
with PH the standard propagator for a single heavy scalar
H . For a pair of quasi-degenerate CPV scalars Hi, the cor-
responding resonance helicity amplitudes can be generalized
by including the 2× 2 propagator matrix Pjk in Eq. (37):
Mres±±±± =
GF sˆ
2
128pi2
∑
j,k
(cg,j ± ic˜g,j)Pjk (cγ,k ± ic˜γ,k) ,
(79)
Mres±±∓∓ =
GF sˆ
2
128pi2
∑
j,k
(cg,j ± ic˜g,j)Pjk (cγ,k ∓ ic˜γ,k) ,
(80)
with j, k =2, 3. When moduli squared and summed up, we
have altogether 64 terms. With some of the them cancelled
out,∑
{λ}
∣∣∣Mres{λ}∣∣∣2 = 4(GF sˆ2128pi2
)2 ∑
jkmn
(
cg,jc
∗
g,m + c˜g,j c˜
∗
g,m
)
×PjkP ∗mn
(
cγ,kc
∗
γ,n + c˜γ,k c˜
∗
γ,n
)
, (81)
where the four indices j, k, m, n all run from 2 to 3. Here
with the summation we have included both the diagonal and
off-diagonal terms; for the latter case the indices j 6= k
and m 6= n stand for the interferences of the two nearly-
degenerate heavy scalars. The CP-even and odd contributions
to the effective coupling of Higg (with i =2,3) are respec-
tively
cg,i =
∑
q
cq,iA
H
1/2(τq) , (82)
c˜g,i =
∑
q
c˜q,iA
A
1/2(τq) (83)
where τX = sˆ/4m2X . For the Hiγγ couplings,
cγ,i = −
∑
j,=1,2
Rij λ˜j+−v
2M2H±
A0(τH±)
+
∑
f
cf,iN
f
CQ
2
fA
H
1/2(τf ) + aiA
H
1 (τW ) (84)
c˜γ,i = −Ri3λ˜3+−v
2M2H±
A0(τH±)
+
∑
f
c˜f,iN
f
CQ
2
fA
A
1/2(τf ) , (85)
with the trilinear scalar coupling given in Eqs. (21) to (23).
The prefactor Rij λ˜j+−v/2M2H± for the H± loop is intrinsi-
cally a function of the quartic couplings, which turns out to be
small as long as the couplings λi in the scalar potential are per-
turbative. Furthermore, the charged scalar term in Eq. (85) is
generally also suppressed by the CP-violating coupling Imλ5,
which makes the scalar loop contribution even smaller for the
CP-odd contributions.
The generalization above is also valid for the interference
terms. Summing up the helicities, we have
∑
{λ}=±±±±
Mres{λ}Mbkg ∗{λ} + c.c. ∝ 2
∑
ij
[cg,iPijcγ,j − c˜g,iPij c˜γ,j ]Mbkg ∗1 + c.c. , (86)∑
{λ}=±±∓∓
Mres{λ}Mbkg ∗{λ} + c.c. ∝ 2
∑
ij
[cg,iPijcγ,j + c˜g,iPij c˜γ,j ]Mbkg ∗2 + c.c. , (87)
then the interfering amplitude square:
∑
{λ}
Mres{λ}Mbkg ∗{λ} + c.c. =
GF sˆ
2
128pi2
2
∑
ij
cg,iPijcγ,j
(Mbkg ∗1 +Mbkg ∗2 )
+2
∑
ij
c˜g,iPij c˜γ,j
(Mbkg ∗2 −Mbkg ∗1 )+ c.c.
 . (88)
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Splitting the interference terms into the real and imaginary parts, they reads
4
∑
ij
(cg,icγ,j)
Re
PReij
(MRe1 +MRe2 )+∑
ij
(cg,icγ,j)
Im
PReij
(MIm1 +MIm2 )
+
∑
ij
(c˜g,ic˜γ,j)
Re
PReij
(MRe2 −MRe1 )+∑
ij
(c˜g,ic˜γ,j)
Re
P Imij
(MIm2 −MIm1 )
 , (89)
4
∑
ij
(cg,icγ,j)
Re
PReij
(MIm1 +MIm2 )−∑
ij
(cg,icγ,j)
Im
P Imij
(MRe1 +MRe2 )
+
∑
ij
(c˜g,ic˜γ,j)
Re
P Imij
(MRe2 −MRe1 )−∑
ij
(c˜g,ic˜γ,j)
Im
P Imij
(MRe2 −MRe1 )
 , (90)
where for the SM background MIm2 = 0, while the imag-
inary parts of the loop functions come from the loops with
sˆ > 4M2loop. When H2 decouples from H3 in the propaga-
tor matrix, i.e. P23 = 0, the imaginary part of the propagator
P Imii →M2i Γ2Hi in the limit of sˆ→M2i .
It is straightforward to obtain the differential cross sections
with respect to the diphoton invariant mass Mγγ , by integrat-
ing over the scattering angle z and convoluting with the gluon
distribution luminosity Lgg in proton [109]:
dσres
dMγγ
=
2
Mγγ
σˆres(sˆ = M2γγ)Lgg , (91)
dσint
dMγγ
=
2
Mγγ
σˆint(sˆ = M2γγ)Lgg . (92)
B. Diphoton signal at hadron colliders
With the parton-level differential cross sections for both the
resonance and interference terms given in Eqs. (91) and (92),
we are ready to predict the diphoton signals at the LHC from
the decay of heavy scalars in the CPV 2HDM. To demonstrate
the most important features in the diphoton signals, two rep-
resentative examples are presented in Figs. 10 and 11 with
respectively tanβ = 0.5 and 2 in both the type-I and type-II
2HDM. Other parameters are set as follows: the heavy scalar
mass MH = 500 GeV with a splitting ∆MH = 1 GeV or 10
GeV and the vanishing CPV in the heavy scalar sector αc = 0
for which αb = 0. In the two figures we show both the sep-
arate contributions from the pure degenerate resonances and
the real and imaginary interference terms in Eqs. (89) and
(90). For the sake of concreteness, we set
√
s = 14 TeV,
and integrate over the scattering angle z = cos θ from 0 to
zmax = 0.5. For the scalar mediators H2,3 the signal process
gg → Hi → γγ does not depend on z = cos θ, while the
SM background qq¯ → γγ and gg → γγ both peak in the for-
ward direction. Without optimising the kinematics we adopt
a naı¨ve cut on the angle | cos θ| < 0.5. A dedicated study
would improve to some extent the projected sensitivities in
Section IV C.
In both the two benchmark scenarios in Figs. 10 and 11,
the diphoton signal above the continuous SM background is
always dominated by the interference terms, as expected: The
resonance signal gg → Hi → γγ arises at two-loop level, and
is much smaller than the background-resonance interfering
which is comparatively enhanced by the one-loop background
process gg → γγ. When the invariance mass of the two pho-
tons are close to the heavy scalar mass, i.e. Mγγ ' MH , the
real interference effects are destructive, induced from the extra
fermion loops in the heavy scalar mediated diagrams.7 How-
ever, at the resonance Mγγ ' MH , the differential diphoton
cross section is always dominated by the imaginary parts, as
(Mγγ −MH)2 . MHΓH (neglecting the heavy scalar mix-
ing effects, i.e. the off-diagonal elements of the propagator
Pij), with the heavy scalar decay width ΓH largely enhanced
by theO(1) top quark Yukawa coupling in the SM. One could
note in the couplings in Table I that the couplings of heavy
scalars to top quark are roughly ∝ (tanβ)−1, then the total
width ΓH has, roughly, a second power dependence on tanβ,
i.e. ΓH ∝ (tanβ)−2. Therefore the resonance in Fig. 11
in much narrower than that in Fig. 10, roughly by a factor
of (2/0.5)−2 = 1/16. When the mass splitting is larger, e.g.
∆MH = 10 GeV, as a result of the narrow width for the model
with tanβ = 2, the width ΓH < ∆MH and the heavy scalars
are significantly separated apart, as seen in Fig. 11. In con-
trast the diphoton spectra for tanβ = 0.5 does not change too
much.
There is apparently a dip in the vicinity of Mγγ ' 2mt '
350 GeV in the real interference contributions of Fig. 10,
which is due to the opening of the H2,3 → tt¯ decay mode and
sharp increase of the decay width ΓH (neglecting here again
the heavy scalar mixing elements in the propagator). In other
words, opening of the top decay mode could diminish signifi-
cantly the propagator Pij , which, however, depend largely on
7 It is also possible that the real interference effects are constructive, as long
as the contributions ofW± andH± loop to theHiγγ couplings are grater
than the SM fermion loops. However, in the CPV 2HDM with two nearly-
degenerate heavy scalars, the constructive scenarios are highly disfavored
by the couplings of the heavy scalars.
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FIG. 10. Examples of the diphoton spectra dσ/dMγγ in the CPV 2HDM, with the heavy scalar mass MH = 500 GeV with a small splitting
∆MH = 1 GeV (left) or 10 GeV (right), tanβ = 0.5 and αc = 0. In these plots we show both the pure resonance (blue) and real and
imaginary interference (solid and dashed red) contributions, as well as the total spectra (black). For the Yukawa couplings of type-I and
type-II, these spectra are almost the same.
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FIG. 11. The same as in Fig. 10, with tanβ = 2.
the value of tanβ. As for the resonance widths in Figs. 10
and 11, the depth of the dip is roughly proportional to
P−1ij (Mtt) ∼ ΓH ∝ (tanβ)−2 . (93)
A smaller tanβ could thus induce effectively a more signifi-
cant dip at Mγγ ' 2mt (In Fig. 11 we do not show explicitly
the dip at 2mt, which is much smaller than those in Fig. 10,
as expected).
Combing both the effects of tanβ on the resonance width
and the dip at Mγγ ' 2mt, a smaller tanβ could make the
double-scalar resonance broader and the dip deeper, then the
γγ spectrum is expected to be more severely distorted, even
without any CPV in the scalar sector of 2HDM, i.e. αb,c = 0.
That is also the reason why the differential tt¯ cross sections in
the right panel of Fig. 3 exclude larger regions when tanβ is
small (cf. the pink regions in Figs. 13 and 14): the significant
dip and broad resonance in Fig. 10 could easily be excluded
by the uncertainties of tt¯ data.
With a maximal mixing αc = pi/4 of the two nearly-
degenerate scalars, the differential diphoton cross section
could be significantly enhanced at the resonance Mγγ '
MH ∼= M2,3, as clearly shown in Fig. 12. When Mγγ is
far away from the resonance MH , the CPV effects would be
highly suppressed. The CPV effect on the diphoton spec-
trum in the presence of CPV 2HDM could be directly tested
in the high-energy collisions at the LHC, and is largely com-
plementary to other current limits and future probes of CPV,
e.g. those from the EDM measurements. It depends on some
parameters in the scalar sector of 2HDM:
• The CP effect is more significant when the scalars are
lighter, and vanishes in the limit of Mγγ ' MH →
∞, as the production cross section diminishes when the
scalars are heavier, and the diphoton spectrum is further
suppressed by the mass Mγγ ' MH in the dominator
of Eqs. (91) and (92), as shown in Fig. 20.
• The CPV in the scalar sector depends also on tanβ, as
most of the couplings of H2,3 to the SM particles in-
volve as functions of tanβ, in particular the couplings
to the top quark. When tanβ = 0.5, both the two value
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of αc = 0 and pi/2 generate almost the same spectrum;
in contrast, when tanβ = 2, some of the subleading
terms in the couplings of H2,3 to the top quark and
other SM particles becomes important, thus in Fig. 12
the spectra with αc = pi/2 differ slightly from those
with α = 0.
• As the mixing angle αb connecting the SM Higgs to
M3 is typically very small in the 2HDM scenarios with
quasi-degenerate heavy scalars, the impact of CPV on
the diphoton spectra in Fig. 12 is mainly from the CPV
mixing αc of the two heavy scalars H2,3. In principle,
the effects from αb could also be significant when αb is
large, however, it is excluded or tightly constrained by
the EDM limits, see the plots in Figs. 17 to 19.
C. Prospects at the LHC
To calculate the expected numbers of signal events from
gg → H2,3 → γγ, we sum up the resonance and interference
terms given in Eqs. (91) and (92), and compare them with
the SM background qq¯ → γγ and gg → γγ. In specific,
we integrate the differential cross sections dσ/dMγγ for both
the SM backgrounds and 2HDM signals with a universal bin
width of 10 GeV:
∆σγγ(M0) =
∫ M0+5 GeV
M0−5 GeV
dMγγ
dσ
dMγγ
, (94)
with the list of cross sections as functions of the diphoton in-
variant mass Mγγ = M0. To suppress the SM background
we have set an upper bound on the angle z < 0.5 as in the
previous subsection. We estimate how many background and
signal events Nγγ could be expected in each of the dipho-
ton bins at
√
s = 14 TeV and with the total luminosity of
3000 fb−1. By counting simply the numbers of events in the
diphoton spectra, we obtain the 95% CL sensitivities via the
standard χ2-method:
χ2 =
∑
bins
 N signalγγ (M0)√
Nbkgγγ (M0)
2 , (95)
where all the sensitivities in the bins are summed up. To take
into account the detector effects we assume an efficiency of
95% for photon identification. The uncertainty in the photon
energy scale at high transverse momentum is typically . 2%,
depending on the rapidity of photon [110]. We have checked
the smearing effect on the photon spectra and sensitivities, and
found that it is very small and completely negligible.
All the diphoton prospects at the LHC are presented in the
two-dimensional space ofMH−tanβ,MH−αc andMH−αb
in Figs. 13 to 19, for both the type-I and type-II CPV 2HDM,
with two typical values of small splitting ∆MH = 1 GeV and
10 GeV, as above, and some benchmark values of the mixing
parameters αb or αc. All the regions below the red lines are
probable at the HL-LHC at the 95% CL, with
√
s = 14 TeV
and an integrated luminosity of 3000 fb−1. The collider lim-
its from differential tt¯ data in the right panel of Fig. 3, direct
H± searches and B → Xsγ data in Fig. 4 are also shown,
respectively, as the pink, purple and orange shaded regions.
The gray regions are excluded by the theoretical arguments
of perutrbativity, stability and unitarity. In some of the plots
the combined limits from direct searches of H2,3 in the final
state of WW/ZZ, hh and hZ are shaded in yellow, while the
electron and mercury EDM limits are in blue and brown. Note
that the perturbativity, unitarity and stability requirements on
the theoretical side are rather stringent: Depending on tanβ
and the mass and mixing parameters, the quartic couplings
λi in the scalar potential are tightly constrained. We will not
scan the full parameter space for the theoretical limits, but
rather for the sake of concreteness, in all these plots we have
taken the values of MH± = MH and msoft = 300 GeV. In
the quasi-degenerate case, depending on ∆MH and αb,c, the
heavy scalar massMH is required to be roughly within a range
of 400 GeV to 1 TeV, unless some parameters in 2HDM are
fine-tuned. Heavy scalars beyond 1 TeV push some of the
quartic couplings λi non-perturbative, while a smaller MH
drives the stability conditions violated (depending on the pa-
rameter msoft).
The diphoton sensitivities as well as the theoretical and ex-
perimental constraints, in the parameter space of MH − tanβ
are presented in Fig. 13, where we have set αc = 0 (and resul-
tantly αb = 0). In the CP conserving limit of αb,c = 0, we do
not have the limits from direct searches ofH2,3 →WW/ZZ,
hh and hZ, and the purely CPV phenomena of EDMs. A
large region is excluded by the theoretical arguments and the
B → Xsγ data. With a high luminosity of 3000 fb−1 at the
LHC, almost all the allowed regions in Fig. 13 could be tested
in the diphoton channel, though the BR(H2,3 → γγ) is rather
small compared to other decay modes. One should note that
the red lines go beyond 1 TeV when tanβ . 1, which are not
shown explicitly in these plots; the small tanβ regions are all
covered implicitly.
The maximal CPV case with αc = pi/4 is shown in Fig. 14,
where the EDM constraints becomes important. Depending
on the Yukawa couplings and the mass splitting ∆MH , a siz-
able region in the MH − tanβ plane has been excluded by
the EDM measurements. In the case of type-II 2HDM with
∆MH = 10 GeV, when the electron and mercury EDM con-
straints are combined together, the wholeMH−tanβ plane is
excluded, see the lower right panel in Fig. 14. This excluded
scenario could be confirmed or falsified at the LHC via the
diphoton searches gg → H2,3 → γγ. A positive signal in
the excluded region would imply the incompleteness of CPV
2HDM at the TeV scale, which has to be further extended, or
the experimental data should be interpreted in other beyond
SM frameworks.
The projected diphoton sensitivities in the MH − αc plane
are presented in Figs. 15 and 16, with respectively αb = 10−3
and 10−2. For the small CPV angle αb = 10−3 in Fig. 15,
the 2HDM contribution to the EDMs are highly suppressed,
and could not provide any limits beyond the theoretical con-
straints. However, when αb becomes larger, e.g. 10−2 in the
plots of Fig. 16, the electron and mercury EDMs could ex-
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FIG. 12. Total diphoton spectra in vicinity of the resonance peak, in the examples given in Figs. 10 and 11 with mass splitting ∆MH = 1
GeV, αc = 0 and pi/4 (and pi/2 for tanβ = 2).
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FIG. 13. Diphoton prospects of quasi-degenerate scalars H2,3 in CPV 2HDM in the parameter space of MH and tanβ, with type-I (left) and
type-II (right) Yukawa couplings, with a small mass splitting ∆MH = 1 GeV and αc = 0. The regions below the solid red lines are probable
at the 95% CL at the HL-LHC with
√
s = 14 TeV and an integrated luminosity of 3000 fb−1, by searches of gg → H2,3 → γγ, with the SM
background gg → γγ and the interference of background and resonance taken into consideration (Note that the red lines go beyond 1 TeV
when tanβ . 1, not shown in these plots; the small tanβ regions are all covered implicitly). The shaded regions are excluded, respectively,
by differential tt¯ data [85] (pink) in the right panel of Fig. 3, direct H± searches [87] (purple) and B → Xsγ [93] (orange) in Fig. 4. The
gray regions are excluded by the theoretical arguments of perutrbativity, stability and unitarity. The limits and prospects in the two plots with
a larger ∆MH = 10 GeV are almost the same.
clude large parameter space as in Fig. 14. In particular, the
type-I 2HDM with ∆MH = 1 GeV is all excluded by the
electron EDM, see the caption of Fig. 16. It is transparent in
these plots that the searches of H2,3 → γγ at the LHC could
probe the whole allowed regions in the MH − αc plane, at
least for the benchmark scenarios given here.
In the following Figs. 17 and 18 we show the diphoton sen-
sitivities and the constraints in the parameter space ofMH and
αb, with respectively αc = −pi/4 and +pi/4. For comparison,
the αc = 0 case is shown in Fig. 19, in which tanβ = 1,
αb 6= 0 and the EDMs from CPV 2HDM are purely the αb-
relevant contributions. Obviously the EDM measurements ex-
clude large values of αb, depending on other parameters in the
2HDM. As in Figs. 15 and 16, some of the scenarios have been
completely excluded by the EDM data, e.g. the type-II 2HDM
with αc = −pi/4 and ∆MH = 10 GeV, and both the type-I
and type-II 2HDM with αc = +pi/4 and ∆MH = 10 GeV.
For negative αc in Fig. 17, tanβ > 1, and the production
cross section of heavy scalars σ(gg → H2,3) is suppressed,
when compared to the positive αc case (and tanβ < 1) in
Fig. 18, therefore smaller regions could be probed in Fig. 17,
in particular when αb is small and ∆MH is large (see the
lower panel in Fig. 17). In contrast, in Fig. 19, with αc = 0,
tanβ = 1 is a constant, and thus the diphoton sensitivities are
almost horizontal lines. Again, almost the whole parameter
space could, in principle, be probed in the diphoton channel
of heavy scalar decay in CPV 2HDM.
To demonstrate the prospects of distinguishing the 2HDM
scenarios with different CPVs in the scalar sector at the LHC,
we compare the significance defined in Eq. (95) for the bench-
mark models given in Fig. 12. As the CPV effects are most
significant at the resonance, we count for simplicity only the
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FIG. 14. The same as in Fig. 13, with αc = pi/4, ∆MH = 1 GeV (upper) and 10 GeV (lower). More limits are shown in these plots:
the combined direct searches of H2,3 → WW/ZZ, hh and hZ at the LHC [64–66, 68–70, 72, 74] (yellow), the EDM measurements of
electron [30] (blue) and mercury [31] (brown). Within the dark bands, we can not find any physical solution for the relation (27).
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FIG. 15. The same as in Figs. 13 and 14 in the MH − αc plane, with αb = 10−3 and ∆MH = 1 GeV. The scenarios with larger splitting
∆MH = 10 GeV is excluded by the theoretical arguments of perturbativity, unitarity and stability.
single bin (with a bin width of 10 GeV) at the peak, which is
rather conservative from this aspect. With a larger coupling
to the top quark, the scenarios with tanβ = 0.5 have a larger
cross section at the peak and thus higher significances in the
left panel of Fig. 20. As shown in Fig. 12, a maximal CP
violating mixing of the two heavy scalars, i.e. αc = pi/4,
could enhance significantly the cross sections at the peak,
thus the lines in Fig. 20 with αc = pi/4 have a larger sig-
nificance, compared to the CP conserving limit of αb = 0
(and αc = pi/2), especially when the scalars H2,3 are not too
heavy. Comparing the expected significances with different
αc in Fig. 20, we could distinguish the maximal mixing case
αc = pi/4 from the CP conserving model at the HL-LHC, if
the heavy scalar mass MH . 600 (500) GeV for tanβ = 0.5
(2). Here we have considered only the peak bins, with more
diphoton bins included, the distinguishing power could be fur-
ther improved.
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FIG. 16. The same as in Figs. 13 and 14 in the MH − αc plane, with αb = 10−2, ∆MH = 1 GeV (upper) and 10 GeV (lower). The type-I
2HDM with ∆MH = 1 GeV is excluded by the electron EDM measurements [30].
D. Discussions
All the theoretical and experimental limits and the diphoton
prospects at HL-LHC in the framework of CPV 2HDM have
been extensively studied in depth in the sections above. Be-
fore proceeding to the conclusion we comment in this section
on the various effects of different mass, mixing and coupling
parameters on these limits and the diphoton signal in both the
type-I and type-II CPV 2HDMs, and grab some of the quali-
tative features.
One should be first aware of the constraints from the the-
oretical requirements of unitarity, perturbativity and stability
in the scalar sector with two quasi-degenerate heavy scalars
H2,3, which prefer a tanβ ∼ 1, as a sufficiently large tanβ
(or cotβ) would easily push the quartic couplings λi non-
perturbative or unitarity-violating: For instance, the prefac-
tors sin−1 β (cos−1 β) in Eqs. (8) to (10) would be large in
the limit of tanβ  1 (tanβ  1). In this sense, the theoret-
ical limits are approximately “invariant” under the exchange
tanβ ↔ cotβ, which is transparently demonstrated in the
example shown in Figs. 13 to 16. Furthermore, these theoret-
ical requirements also set both lower and upper limits on the
quasi-degenerate heavy scalar masses MH . An upper bound
is easy to be understood, as, without the SM gauge symmetry
extended, all the scalars in the 2HDM masses are proportional
to the EW VEV v throughMi ∼
√
λv, therefore, with the per-
turbative couplings |λi| < 4pi, one should expect all the heavy
scalars in 2HDM are roughly below the TeV scale. In Eqs. (8)
and 9, there are minus terms −ν which are proportional to
the Z2 soft breaking parameter m2soft, then the lower bound
on the heavy scalars depend largely on msoft. With the mass
splitting ∆MH gets larger, these theoretical constraints might
be to some extent weakened, but the CPV phases αb, c would
ge generally much smaller, and we will lose the significant
CPV effects at the “double resonance”.
In a large region of parameter space, the production and
decay processes gg → H2,3 → γγ are dominated by the
top quark loop, thanks to the fact of tanβ ∼ 1 (if tanβ ∼
mt/mb, the bottom quark and W± loop would be very im-
portant), therefore the diphoton signal depend largely on the
value of tanβ (see Figs. 13 and 14) and could be largely en-
hanced by the CPV angle αc (αb is generally much smaller)
at the resonance peak (see Figs. 12 and 20). The couplings to
the down-type quarks and charged leptons, e.g. whether the
couplings are of type-I or type-II, are important in the sense
that they determine largely the limits from B → Xsγ and the
EDMs of electron and mercury. The mass splitting ∆MH is
important when the scalar resonances becomes narrower, see
the examples in Fig. 11 and plays also a important role in eval-
uating the EDMs, e.g. in Fig. 14.
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FIG. 17. The same as in Figs. 13 and 14 in the MH − αb plane, with αc = −pi/4, ∆MH = 1 GeV (upper) and 10 GeV (lower). The type-II
2HDM with ∆MH = 10 GeV is excluded by the electron EDM measurements [30].
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FIG. 18. The same as in Figs. 13 and 14 in the MH − αb plane, with αc = +pi/4 and ∆MH = 1 GeV. The scenarios with ∆MH = 10 GeV
is excluded by the electron and mercury EDM measurements [30, 31].
V. CONCLUSION
In this paper, we have studied in detail the diphoton sig-
nal from the decay of two quasi-degenerate heavy scalars in
the CPV 2HDM with both type-I and type-II Yukawa cou-
plings. To simplify the scalar potential, we assume there is a
soft-breaking Z2 symmetry, under which there are only two
CP violating terms in the potential: the soft-breaking mass
parameter Imm212 and one of the quartic couplings Imλ5.
With these CP violating terms, the three neutral scalars are
no longer CP eigenstates but all mix with each other, with
the lightest one being SM-like with mass of 125 GeV, leaving
the other two heavier. The CP violating mixing angles αb,c
are linked intimately to the scalar masses, in particular de-
pending non-trivially on the mass splitting of the two heavier
statesH2,3. Roughly speaking, with the two heavy scalars ap-
proaching to be degenerate, their mixing tends to be larger, or
even maximal, which is in general more important than their
CP violating mixing with the SM Higgs which is somewhat
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FIG. 19. The same as in Figs. 13 and 14 in the MH − αb plane, with αc = 0, ∆MH = 1 GeV (upper) and 10 GeV (lower).
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FIG. 20. Significance at the resonance peak with a bin width of 10 GeV for the CPV 2HDM with ∆MH = 1 GeV, tanβ = 0.5 (left) and 2
(right), and αc = 0, pi/4 (and pi/2 for tanβ = 2). The sensitivities for type-I and type-II 2HDM are almost the same.
suppressed by the large mass splitting of MH −mh.
Throughout this paper we have considered two benchmark
values of small splitting of ∆MH = 1 GeV and 10 GeV, and
work in the simplified case of α = β − pi/2 with αb,c 6= 0
which is consistent with the current SM Higgs data. We have
collected in Section III all the relevant theoretical and exper-
imental limits on the CPV 2HDM, with some typical exam-
ple shown in the two-dimensional parameter space of heavy
scalar mass MH verses tanβ, αc and αb, i.e. Figs. 5 to 9
and Figs. 13 to 19. It turns out that the theoretical limits from
the requirements of unitarity, perturbativity and stability of
the scalar potential impose severe constraints on the parameter
space in our model, demanding that the heavy scalar masses
satisfy 400 GeV . MH . 1 TeV. The direct searches of
heavy neutral scalars H2,3 → WW/ZZ, hh, hZ performed
at the LHC could hardly constrain the heavy scalars heavier
than roughly 450 GeV, unless there are to some extent fine-
tuning in the scalar sector, due to the small branching ratios of
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H2,3 decay into the massive SM bosons. As the heavy scalars
decay almost 100% into the top quark pairs, the consistency
of experimental differential tt¯ data with the SM predictions
could constrain more effectively the couplings ofH2,3, in par-
ticular when tanβ is small. Benefitting from the oblique T
parameter constraints on the neutral-charged scalar splitting
|MH −M±|, the direct search of charged scalars and the rare
B decay data of B → Xsγ provide additional limits on the
neutral scalar sector. The electron and mercury EDM con-
straints on the CP violating couplings, e.g. those in Table I,
exclude also large regions in the parameter space.
Though the branching ratios to diphoton are generally very
small, typically of order 10−5 in a large region of the param-
eter space, the clean SM background renders it one of the key
channels to search for heavy neutral scalars, as for the SM
Higgs. The full details of the (differential) diphoton cross
section are given in Section IV, for both the resonance and
interference contributions. The SM background is expected
to be much larger than the pure signal resonances, thus the
continuum-resonance interference is crucially important for
the heavy scalar searches. By naı¨vely counting the numbers
of diphoton events as functions of the invariant mass Mγγ ,
we have estimated the expected sensitivities for the searches
of H2,3 → γγ in the CPV 2HDM at the
√
s = 14 TeV HL-
LHC with an integrated luminosity of 3000 fb−1, which are
presented in Figs. 13 to 19. It turns out that almost all the al-
lowed parameter space could be probed in the diphoton chan-
nel, at least at the 95% CL, which is largely complementary
to other direct searches at the LHC, e.g. in the final states of
the SM h, W and Z bosons. A large mixing αc of the two
nearly-degenerate heavy scalars could enhance significantly
the cross section at the resonance peak, see the examples in
Fig. 12. Therefore with sufficient events collected at the reso-
nance peak, we could obtain some information of CPV in the
scalar sector of 2HDM, e.g. the examples given in Fig. 20,
which is largely complementary to the low-energy probe of
CPV in the EDM experiments.
In this paper we have focused only on the type-I and type-II
2HDM with CPV in the scalar sector, which could be general-
ized to the decay H2,3 → Zγ though the interference effects
might be tinny there. The angular distributions of the leptons
from Z decay could, in principle, be used to suppress the SM
background and provide more information of the couplings of
the heavy scalars. In addition, we could do analogous stud-
ies in the framework of supersymmetric models with also two
scalar doublets. The heavy super-particles might be important
for the loop-level Hiγγ couplings, and leave the footprint in
the diphoton signal. All these open questions will be pursued
in future follow-up papers.
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Appendix A: Differential cross section for gg → H2,3 → tt¯
In the CPV 2HDM, the parton-level cross sections for the
resonance and interference terms are respectively:
d
dz
σˆres(gg → H2,3 → tt¯) = kF 3G
2
Fα
2
s(
√
sˆ)sˆ2m2tβt
213pi3
×
∑
ij
∣∣∣∣∣∑
q
cq,iA
H
1/2(τq)
∣∣∣∣∣
2
+
∣∣∣∣∣∑
q
c˜q,iA
A
1/2(τq)
∣∣∣∣∣
2
Pij (β2t |ct,j |2 + |c˜t,j |2) , (A1)
d
dz
σˆint(gg → H2,3 → tt¯) = −kF GFα
2
s(
√
sˆ)m2t
213/2pi
βt
1− β2t z2
×
∑
ij
(∑
q
cq,iA
H
1/2(τq)Pij
)Re
βtct,j +
(∑
q
c˜q,iA
A
1/2(τq)Pij
)Re
c˜t,j
 , (A2)
where z = cos θ is the scattering angle, βt =
√
1− 4m2t/sˆ,
kF = 2 the k−factor for the high-order corrections, the prop-
agator elements Pij given in Eq. (37), and “Re” takes only the
real parts. The minus sign in Eq. (A2) is from the fermion
loops in the signal amplitude for the Higg couplings. In nu-
merical calculations, the strong coupling αs is evaluated at
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the heavy scalar mass MH . In both the resonance and inter-
ference terms, the contribution from the H2,3 mediated pro-
cesses (the diagonal terms Pii) and the mixed ones (the off-
diagonal terms of Pij with i 6= j) are all summed up. It is
straightforward to obtain the differential cross sections with
respect to the invariant top pair mass Mtt¯, by integrating over
the scattering angle z and convoluting with the gluon distribu-
tion luminosity Lgg in proton:
dσres
dMtt¯
=
2
Mtt¯
σˆres(sˆ = M2tt¯)Lgg , (A3)
dσint
dMtt¯
=
2
Mtt¯
σˆint(sˆ = M2tt¯)Lgg . (A4)
Appendix B: Oblique parameters in the CPV 2HDM
In the limit of β − α = pi/2, the oblique parameters in
2HDM are [51]
∆S =
1
24pi
{
c22W G(M
2
± ,M
2
± ,m
2
Z) + s
2
αb
[
c2αcG(M
2
1 ,M
2
2 ,m
2
Z) + s
2
αcG(M
2
1 ,M
2
3 ,m
2
Z)
+ s2αcGˆ(M
2
2 ,m
2
Z) + c
2
αcGˆ(M3 ,m
2
Z)
]
+ c2αb
[
Gˆ(M21 ,m
2
Z) +G(M
2
2 ,M
2
3 ,m
2
Z)
]
+ log
(M21M22M23
M6±
)
−
[
Gˆ(M21 ,m
2
Z) + log
(M21
M2±
)]}
, (B1)
α∆T =
1
16pi2 v2
{
s2αbF (M
2
± ,M
2
1 ) + (1− s2αbs2αc)F (M2± ,M22 ) + (1− s2αbc2αc)F (M2± ,M23 )
− c2αcs2αbF (M21 ,M22 )− s2αcs2αbF (M21 ,M23 )− c2αbF (M22 ,M23 )
+ 3c2αb
[
F (m2Z ,M
2
1 )− F (m2W ,M21 )
]
+ 3s2αbs
2
αc
[
F (m2Z ,M
2
2 )− F (m2W ,M22 )
]
+ 3s2αbc
2
αc
[
F (m2Z ,M
2
3 )− F (m2W ,M23 )
]
− 3
[
F (m2Z ,M1)− F (m2W ,M1)
]}
, (B2)
with M1 = mh the SM Higgs mass, and the auxiliary func-
tions are defined as
F (x , y) =

x+y
2 − xyx−y log(xy ), x 6= y
0, x = y
(B3)
G(x , y , z) = −16
3
+
5(x+ y)
z
− 2(x− y)
2
z2
+
3
z
[x2 + y2
x− y −
x2 − y2
z
+
(x− y)3
3z2
]
log
x
y
+
z2 − 2z(x+ y) + (x− y)2
z3
×f
(
x+ y − z , z2 − 2z(x+ y) + (x− y)2
)
,
(B4)
G˜(x , y , z) = −2 +
(x− y
z
− x+ y
x− y
)
log
x
y
+
1
z
f(x+ y − z , z2 − 2z(x+ y) + (x− y)2) ,
(B5)
Gˆ(x , y) = G(x , y , y) + 12G˜(x , y , y) , (B6)
with
f(x , y) =

√
y log
∣∣∣x−√yx+√y ∣∣∣, y > 0
0, y = 0
2
√−y tan−1
√−y
x , y < 0
. (B7)
Appendix C: EDMs in the CPV 2HDM
1. All the separate contributions
For light fermions, the dominant contributions to their
EDMs and CEDMs come from the two-loop Barr-Zee type di-
agrams [111]. In particular, the Wilson coefficient δe receive
contributions from the following terms:
δe = (δe)
Hγγ
t + (δe)
HZγ
t + (δe)
Hγγ
W + (δe)
HZγ
W
+(δe)
Hγγ
H± + (δe)
HZγ
H± + (δe)
H±W∓γ
H , (C1)
where the diagrams with effective Hiγγ and HiZγ couplings
from integrating out a top quark loop are respectively
(δf )
Hγγ
t = −
NcQfQ
2
t e
2
64pi4
3∑
i=1
[
f(zit) ct,ic˜f,i + g(z
i
t) c˜t,icf,i
]
,
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(C2)
(δf )
HZγ
t = −
NcQfg
V
Zf¯f
gVZt¯t
64pi4
3∑
i=1
[
f˜
(
zit,
m2t
M2Z
)
ct,ic˜f,i
+ g˜
(
zit,
m2t
M2Z
)
c˜t,icf,i
]
, (C3)
where ziX ≡ m2X/M2i , gVZff¯ is the vector-current couplings
of Z boson to the fermions. The loop integral functions are
respectively
f(z) ≡ z
2
∫ 1
0
dx
1− 2x(1− x)
x(1− x)− z log
x(1− x)
z
, (C4)
g(z) ≡ z
2
∫ 1
0
dx
1
x(1− x)− z log
x(1− x)
z
, (C5)
f˜(x , y) ≡ yf(x)− xf(y)
y − x , (C6)
g˜(x , y) ≡ yg(x)− xg(y)
y − x . (C7)
There are also contributions from the W boson and its
Nambu-Goldstone bosons to the Hiγγ and HiZγ opera-
tors, which were gauge-invariant and have been obtained in
Refs. [112–114].
(δf )
Hγγ
W =
Qfe
2
256pi4
3∑
i=1
[(
6 +
1
ziW
)
f(ziw) +
(
10− 1
ziW
)
g(ziw) +
3
4
(
g(ziW ) + h(z
i
W )
)]
aic˜f,i , (C8)
(δf )
HZγ
W =
gV
Zf¯f
gZWW
256pi4
3∑
i=1
[(
6− sec2 θW + 2− sec
2 θW
2ziw
)
f˜(ziW , c
2
W )
+
(
10− 3 sec2 θW − 2− sec
2 θW
2ziw
)
g˜(ziW , c
2
W ) +
3
2
(
g(ziW ) + h(z
i
W )
)]
aic˜fi , (C9)
where the gauge coupling gWWZ = e/ tan θW , and the loop
function
h(z) ≡ z
2
∫ 1
0
dx
1
z − x(1− x)
×
(
1 +
z
z − x(1− x) log
x(1− x)
z
)
. (C10)
The contributions by integrating out the charged Higgs bosons
loops read
(δf )
Hγγ
H± =
Qfe
2
256pi4
∑
i
[
f(zi±)− g(zi±)
]
λ¯ic˜f ,i , (C11)
(δf )
HZγ
H± =
gV
Zf¯f
gZH+H−
256pi4
( v
M±
)2∑
i
[
f˜
(
zi± ,
M2±
m2Z
)
−g˜
(
zi± ,
M2±
m2Z
)]
λ¯ic˜f ,i , (C12)
with zi± = M
2
±/M
2
i , gZH+H− = e(1− tan θ2W )/(2 tan θW ),
and λ¯i = −λi+−/v the effective trilinear scalar couplings
given in Eqs. (21) to (23). Additional contributions are from
the H±W∓γ operators [114], which read
(δf )
H±W∓γ
H =
sf
512pi4
∑
i
[
e2
2s2W
I4(M2i ,M2±) aic˜f ,i
−I5(M2i ,M2±) λ¯ic˜f ,i
]
, (C13)
where sf = +1 for the down-type quarks and charged lep-
tons, and−1 for the up-type quarks, and the two-loop integral
functions are defined as
I4 ,5(M21 ,M22 ) ≡
m2W
M2± −m2W
[I4 ,5(mW ,M1)
−I4 ,5(M2 ,M1)] , (C14)
I4(M1 ,M2) ≡
∫ 1
0
dz (1− z)2
(
z − 4 + zM
2
± −M22
m2W
)
× M
2
1
m2W (1− z) +M22 z −M21 z(1− z)
× log
(
m2W (1− z) +M22 z
M21 z(1− z)
)
, (C15)
I5(M1 ,M2) ≡
∫ 1
0
dz
M21 z(1− z)2
m2W (1− z) +M22 z −M21 z(1− z)
× log
(
m2W (1− z) +M22 z
M21 z(1− z)
)
. (C16)
For the CEDM, the top quark loop is integrated out to ob-
tain the effective hiGG or hiGG˜ operators, which leads to the
following CEDM operators [115],
δ˜q(Λ) ≡
(
δ˜q
)hgg
t
= − g
2
s
128pi4
3∑
i=1
[
f(zit) ct,ic˜q,i
+g(zit) c˜t,icq,i
]
. (C17)
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The contribution to the dimension-6 Weinberg operator
arises predominantly from the top loop [94], which gives
CG˜(Λ) ≡ (CG˜)t = −
g2s
3
1
128pi4
3∑
i=1
h0(z
i
t) ct,ic˜t,i ,(C18)
with the two-loop integral function
h0(z) ≡ z
4
2
∫ 1
0
dx
∫ 1
0
dy
x3y3(1− x)[
z2x(1− xy) + (1− x)(1− y)
]2 .
(C19)
2. RG running and mixing effects
During the RG running from the new physics scale down
to the hadronic scale, the nontrivial corrections to the Wilson
coefficients of the CEDM and Weinberg operators induced by
flavor-conserving CP-odd four-fermion operators need to be
take into account. The complete Lagrangian for the calcula-
tion of mercury EDMs should be
LCPV = L(C)EDM +
∑
q
Cq4
Λ2
Oq4 +
∑
q′ 6=q
C˜q
′q
1
Λ2
O˜q′q1
+
1
2
∑
q′ 6=q
C˜q
′q
4
Λ2
O˜q′q4 . (C20)
Here, the first two CP-odd four-fermion operators
Oq4 = (qq)(q iγ5q) , (C21)
O˜q′q1 = (q′q′)(q iγ5q) , (C22)
can be generated through the CPV Yukawa threshold cor-
rections and the CPV neutral Higgs-boson mixing in the t-
channel. The corresponding CP-odd coefficients are given re-
spectively as
Cq4 = gq gq
cq c˜q
M2H
, (C23)
C˜q
′q
1 = gq′ gq
cq′ c˜q
M2H
, (C24)
with gq(q′) = mq(q′)/v. On the other hand, the last CP-odd
four-fermion operator
O˜q′q4 = (q′ασµνq′β)(qβ iσµνγ5qα) , (C25)
is generated from the operator mixing effects of C˜q
′q
1 and C˜
qq′
1
which follows the Eq. (C28) below. To obtain the value of the
Wilson coefficients
(
δq, δ˜q,− 3CG˜2
)
at a GeV scale, we need
to take an evolution for
C =
(
δq, δ˜q, −3CG˜
2
, Cq4 , C˜
q′q
1 , C˜
qq′
1 , C˜
q′q
4
)
(C26)
from the 2HDM scale v down to the GeV scale, based on the
Renormalization Group Equations (RGE) [116–118] :
d
d lnµ
C = C · Γ . (C27)
Here, the one-loop anomalous dimension matrix is given by
Γ =

αs
4piγs 0 0
1
(4pi)2 γsf
αs
4piγf 0
1
(4pi)2 γ
′
sf 0
αs
4piγ
′
f
 , (C28)
with
γs =
+8CF 0 0+8CF +16CF − 4N 0
0 +2N N + 2nf + β0
 , (C29)
γf =
[
−12CF + 6
]
, (C30)
γ′f =
−12CF 0 −10 −12CF −1
−12 −12 −8CF − 6N
 , (C31)
γ′sf =
 0 0 00 0 0
−8m
′
q
mq
Q′q
Qq
−8m
′
q
mq
0
 , (C32)
γsf =
[
+2 +2 0
]
. (C33)
Where q runs over u, d, b, N = 3, CF = (N2 − 1)/(2N) =
4/3, β0 = (11N − 2nf )/3, and nf is the flavor number.
For the RGE running from the 2HDM scale down to the
scale of mb, we assume a five-flavor scheme. Keeping only
the leading logarithmic terms that make additional contribu-
tions to the CEDMs of bottom and light quarks at the match-
ing scale µ = mb, we have
∆δ˜b(mb) ≈ 1
8pi2
Cb4 log
(
MH
mb
)
, (C34)
where ∆δ˜b(mb) could be figured out from Eq. (C28) and is
from integrating out the bottom quark at one-loop level. After
the bottom quark being integrated out, its CEDM makes a shift
to the Weinberg operator [117, 119],
∆CG˜(mb) =
αS(mb)
12pi
δ˜b(mb) . (C35)
Here the the two-loop Barr-Zee graphs generated CEDMs
δ˜0b (mb) has been modified to be δ˜b(mb) = δ˜
0
b (mb)+∆δ˜b(mb)
to obtain the whole b-quark CEDM at the mb scale. The shift
to CEDMs of quarks are given by,
∆δ˜q(mb) ≈ g
2
s
64pi4
mb
mq
(C˜bq1 + C˜
qb
1 )
(
log
MH
mb
)2
.(C36)
We would like to mention that ∆δ˜q(mb) is nontrivial, which
is induced by C˜qq
′
4 through integrating out the bottom quark at
31
two-loop level. Below the mb scale, we assume a four-flavor
scheme for the RGE running of the Wilson coefficients δq , δ˜q
and CG˜ betweenmb andmc, and a three-flavor scheme below
mc.
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